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Abstract
Abstract
The aim of this study is to investigate the grid alloys, particularly used for Valve- 
regulated Lead/Acid Batteries (VRLABs). A general introduction of lead/acid battery is 
given first, and then the literature review, which describes the history and the up to date 
development status of lead/acid batteries. The selection and design of systematic 
variations of Pb-Ca-Sn alloys have been provided based on the literature review and the 
preliminary studies.
The preparation method for grid alloys has been developed according to the designed 
formula, via a master alloy. The mechanical strength, microstructure, phase composition 
and chemical composition of sample alloys have been measured to provide information 
on the relationship between their composition, metallurgical structure and mechanical 
properties.
The electrochemical behaviour of sample alloys have been investigated by potentiostatic, 
potentiodynamic and cyclic voltametric methods. Corrosion properties of sample alloys 
have been examined by both normal and accelerated corrosion tests.
Hydrogen and oxygen overpotentials of grid alloys are two important parameters of 
particular concern in VRLABs. The gassing characteristics and the kinetics of the 
hydrogen/oxygen evolution reactions of the sample alloys have been studied by 
potentiostatic measurements.
IX
Abstract
Electrochemical Impedance Spectroscopy (EIS), Scanning Electron Spectroscopy 
(SEM) and Transmission Electron Spectroscopy (TEM) have provided the necessary 
means to reveal the chemical reactions and phase changes taking place on the electrode 
surface and to connect the changes of physical/chemical properties of the sample alloys 
with their microstructure.
The effects of selected alloying elements, such as bismuth, silver, aluminium and sodium, 
on the electrochemical and mechanical properties of the parent Pb-Ca-Sn alloys have 
been systematically studied. Test batteries have been fabricated in collaboration with a 
battery company and have been examined using a cyclic charge-discharge test. After 
testing, those batteries have been disassembled and the causes for the failure have been 
analysed.
A novel Pb-Al alloy system with high aluminium content has been proposed and 
investigated. This alloy system, in contrast with conventional grid alloy manufacturing, 
is prepared by a mechanical alloying method. This alloy shows a high mechanical 
strength, superior light weight and high electric conductivity. It is proposed that this 
alloy system could be particularly suitable for use as a thin sheet material for bipolar 
batteries.
Finally, conclusions are drawn based on these study results and a proposal for further
research is made.
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Chapter 1 Introduction
The aim of the study is to investigate the lead grid alloys particularly those used for 
Valve-Regulated Lead/Acid Batteries (VRLABs). Major interests are in the following 
areas:
(1) the kinetics of the electrode processes;
(2) anodic corrosion properties of the alloys;
(3) side reactions, such as H2 and O2 evolution;
(4) the effect of some important alloying elements on the metallurgical microstructure;
(5) the mechanical properties and the above (1), (2) and (3).
From the viewpoint of academic research, the study is performed by a desire to have 
better understand of the basic principals of alloying, the essential characteristics of grid 
alloys as well as the fundamentals of lead/acid batteries. From an engineering 
application standpoint, the study has been carried out by correlating it closely to the 
battery manufacturing industry : from the selection/design of the alloy system to the grid 
alloy manufacturing technique and sample battery fabrication and testing.
Although lead/acid batteries have been in use for more than a century, interest in this 
battery system, either from academic research or from application viewpoints, has never 
declined. The modem Valve-Regulated Lead/Acid batteries (VRLABs) is a new 
generation of lead/acid battery. The success of VRLABs is due to the development of 
new alloy systems and the application of the valve-regulated technology.
l 3 0009  03163114  1
Chapter 1 Introduction
The lead/acid battery system is complex, however basic principles govern the 
electrochemical reactions which are occurring in the battery system. A brief look into 
the history and the up to date status of lead/acid batteries are given in Chapter 2.
In order to characterise and predict the service behaviour of the electrodes, it is 
necessary to discuss in detail each electrode system under specific experimental 
conditions. The experimental methods, the experimental conditions as well as the 
corresponding theories used in the study are described in Chapter 3.
Alloys used for grids in lead/acid batteries have been developed largely on an empirical 
basis. It has been recognised that some alloying elements are beneficial in the operation 
of a battery and some are detrimental. The influence of bismuth on the mechanical, the 
metallurgical microstructure, the electrochemical and corrosion properties of grid alloys 
have been investigated and described in Chapter 4.
The effect of silver on battery performance has been investigated. Silver is one of the 
most attractive alloying elements, because the addition of a small amount of silver can 
increase corrosion resistance, accelerate the oxygen evolution and decrease the hydrogen 
evolution rate. These results are presented in Chapter 5.
Evaluation of alloy properties on prototype battery performance in accordance with 
industrial standards has been presented in Chapter 6.
2
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In contrast to the conventional grid alloy manufacturing technique, a novel Pb-Al alloy 
system has been produced by a mechanical alloying (MA) technique. This new alloy 
system possesses light-weight and high mechanical strength, however, the 
electrochemical and corrosion properties are sensitive to the MA process. These are 
described in Chapter 7.
In Chapter 8 a summary of the study is given. A proposal for future research is also 
provided.
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Chapter 2 Literature Review
2.1 Introduction to Lead/Acid Batteries
2.1.1 Historical Aspects of Lead/Acid Batteries
The first lead/acid cell was presented by Gaston Plante in 1859 [1]. The cell was 
constructed from two lead sheets, separated by strips of flannel and immersed in 10% 
H2SO4 solution. By passing electric current through the cell for a period of time, the 
surface of one lead sheet was converted to Pb02 and the surface of the other to a spongy 
lead. This process was termed “formation” by Plante. The cell after formation then 
produced a spontaneous current when connected to an external circuit with the PbC>2 
electrode being the positive terminal and the spongy lead electrode the negative 
terminal. The characteristic feature of this cell was its reversibility, i.e., the 
transformation of the electricity into chemical energy and vice versa.
Plante’s battery, shown in Figure 2.1.1 [2], exhibited all the basic features of today’s 
lead/acid batteries:
(1) structural bases for the two electrodes;
(2) active materials in different energy states at the respective electrodes (PbC>2 and 
spongy lead);
(3) separators (the flannel) to electrically insulate the electrodes, yet allow electrolyte to
permeate;
(4) an electrolyte (10 % H2S04 solution);
(5) the charge-discharge cycles.
4
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(d)
Figure 2.1.1 (a) complete cell, (b) electrode assembly, (c) electrodes with flannel strips 
during winding (d) The first lead/acid battery presented by G. Plante in 1860[2].
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The storage “capacity” of the Plante battery was determined by the total current-time 
product during discharge of cell. The specific energy (i.e., Wh/kg) delivered by the cell 
was very low and it was found that the capacity was a linear function of the electrode 
surface. Therefore, various methods were used to increase the working area of the 
electrodes.
A new method was developed in 1881 by Faure [3]. He covered the positive and 
negative electrodes with a paste prepared by mixing lead oxides, H2S04 and water. 
During charging, the paste was easily transformed into Pb02 at the positive plate and 
spongy lead at the negative, which resulted in a substantial increase in the specific energy 
of the storage battery. This technology initiated a period of rapid development in the 
lead/acid storage battery. For example, in 1881, Swan patented a flat grid of cellular 
structure to replace the lead sheets [4]. Sellon invented the lead-antimony alloy grids in 
1881 [5], which increased the grid mechanical strength and held the active material better. 
These features are still the basis of the technology that has been subsequently applied 
inthe manufacture of lead/acid batteries for more than a century. Grids with various 
geometry to satisfy different purposes are shown in Figure 2.1.2 [1]. More detailed 
reviews are presented by Brown[6] and Burbank et al.[7].
2.1.2 Significance of Lead/Acid Batteries
In spite of extensive and continued efforts aimed at developing new light-weight, low- 
cost secondary electrochemical power sources, the old lead/acid batteries, invented by 
Plante, still dominate today’s battery market and this situation, it is believed, will not be 
changed in the near future.
6
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Why are lead/acid batteries so successful ?
Tracing the history of lead/acid batteries, it can be seen that the development/application 
of new materials and new theories, as well as new manufacturing techniques on lead 
acid batteries have never declined. The success of the lead acid battery system can be 
attributed to the two major contributory factors: cost and versatility.
The cost The lead/acid battery relies on two materials only: lead and sulphuric acid, 
both readily available in plentiful supply and low cost. Nearly all parts in lead/acid 
batteries are made of lead: both the positive and negative active materials, the positive 
and negative grids, the internal connectors and terminals. The continuously improved 
manufacturing technique has also resulted in very low cost of manufacturing.
The versatility: The lead/acid battery system possesses great versatility. It has
flexibility of design, which enable it to be used for batteries as small as 0.6 Ah or as 
large as 10,000Ah and 70 MW/17 MWh for different applications.[8].
Among these various applications are
(1) automotive, or SLI (starting, lighting and ignition),
(2) industrial, or traction,
(3) telecommunication systems,
(4) submarine,
(5) electric vehicle,
(6) load-levelling,
(7) others.
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2.1.3 Grid Alloys for Lead/Acid Batteries
The most critical non-active component in a iead/acid battery is the grid. The positive 
and negative plates of a lead/acid battery are based on an electrically conducting lead 
alloy grid framework. These grids have two basic purposes. One is a structural role: to 
support the positive and negative active materials. The other an electrochemical role: to 
provide a conductive path for the current to and from the plates during charge and 
discharge. Almost from the time when pasted plates were invented, it was recognised 
that the mechanical and electrochemical properties of the respective grids and spines 
might be improved by using lead alloys rather than the pure lead which had been used in 
the traditional Plante plate[5].
Since the grids are exposed to the electrolyte, they participate in electrochemical action 
at both the positive and negative plates. The conjoint action of this electrochemical 
corrosion activity and the concurrent structural (load-bearing) role in the plate tends to 
both weaken them structurally and reduce their electrical conductivity. Therefore the 
primary properties of interest in grid alloys are yield strength and corrosion resistance, 
as well as such features as compatibility with the active material(adherence), castability, 
and electrochemical effects.
These features are listed here[9]:
• Mechanical strength
• High resistance to electrochemical corrosion in the case of positive grids
• Good electrical conductivity
• Castability
• Compatibility with active material (adherence)
Chapter 2. Literature Review
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Mechanical strength in grid alloys is desirable for two distinct reasons[10]:
First, during battery fabrication procedures, sufficient grid stiffness is required for both 
hand pasting and pasting machine processes. Strength is also important during battery 
service, as the grids bear significant loads (the active materials, their own weight, 
stresses due to uneven corrosion): furthermore the typical service temperature of 
lead/acid batteries places the alloys in a regime where creep-type deformation is 
significant.
Corrosion of the positive electrode grids is the most important reason for lead/acid 
batteries becoming non-operational. This is caused by the thermodynamic instability of 
lead and lead alloys in the field of potentials occurring on a lead dioxide electrode. It 
must be realised that penetration by corrosion of any parts of the grids constitutes an 
interruption of the most electrically conductive path in the battery, leading to the 
capacity loss in the battery due to the corrosion product isolating certain volumes of 
active materials. Extensive research has been devoted to the study in this field[l 1-15]. 
The main ways of combating corrosion are:
(i) selection of a plate design which ensures the least corrosion rate;
(ii) use of alloying additives to the grid metal, which decrease the corrosion rate;
(iii) controlling charging conditions to ensure the shortest period of active oxygen 
evolution.
Other features of grids, such as castability, compatibility and conductivity have been 
discussed in detail by Hener[16], and Heubner et al.[17,18].
Currently and historically, the most common lead/acid battery grid alloy systems are 
based on cast Pb-Sb and Pb-Ca alloys. These two grid alloys will be discussed in detail 
in the following subchapters.
Chapter 2. Literature Review
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Figure 2.1.2 Grids with various geometry to satisfy different purposes[l].
2.1.3.1 Lead-Antimony Grid Alloys
The traditional grid alloys were based on the lead-antimony system and have been used 
since 1881 [1,5,19]. The many beneficial properties which arise from the incorporation 
of antimony will be discussed in detail below.
The traditional contents of antimony in battery grids range from 6 to 12 percent [20]. 
There are a number of reasons for using antimony in battery grids: solid solubility, 
hardness and mechanical strength, castability and corrosion resistance.
10
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(i) Equilibrium diagram of lead-antimony alloy system.
Figure 2.1.3 shows the presence of an eutectic containing 11.1 wt.% Sb at which the 
melting point is reduced from 327 °C to 252 °C. The maximum solubility of antimony in 
lead is 3.45 wt.%Sb at the eutectic temperature and 0.3 wt.% Sb at 50 °C. When a 
liquid Pb-Sb alloy is cooled, lead solid-solution (a-liquid) is formed initially. As the lead 
crystals grow into the Pb-Sb liquid, the liquid becomes richer in antimony until a 
composition of 11.1 wt.%Sb is reached. The liquid surrounding the crystals then begins 
to freeze. This liquid is called the eutectic and solidifies into antimony needles with a 
lamella pattern surrounded by lead[22].
Atomic Percent Antim ony
Figure 2.1.3 Phase diagram of Pb-Sb alloy[21].
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(ii) Hardness and Tensile Strength.
The above two figures, Figures 2.1.4 and 2.1.5, show the Brinell hardness and tensile 
strength as a function of Sb content for Pb-Sb alloys, respectively[23].
Both alloy hardness and tensile strength increase with increasing in Sb content reaching 
maximum values at approximately 10 wt.%Sb.
co
COCD
c
"O
CD
X
"d3
CO
0 1 2 3 4 5 6 7 8 9  10111213
wt.%Sb
Figure 2.1.4 Brinell Hardness of Pb-Sb alloys[23].
0 1 2 3 4 5 6 7 8 9  101112
Wt. %Sb
Figure 2.1.5 Tensile Strength of Pb-Sb alloys[23].
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At this amount of antimony in lead, there is supersaturation, since at room temperature, 
the antimony solubility is much lower than that at the eutectic temperature. “Age­
hardening” is always observed due to the reduction of super-saturation by precipitation 
of finely dispersed antimony with the Pb-Sb solid-solution grains[24, 25]. The hardness 
and strength properties of lead-antimony alloys, particularly in the region 0.5 to 3 %Sb, 
depend on the thermal history of the alloy [26].
(iii) Castability.
The dependence between castability and antimony content in the alloy has been 
investigated by Bemdt and Nijhawan[27]. The results show that the higher the Sb 
content, the lower the melting point, and the castability is improved. But below 5 wt.% 
Sb, the brittleness of the grid increases.
(iv) Corrosion resistance
It has been established that low-antimony alloys (below 4 wt.%) are susceptible to inter­
crystalline corrosion, while at higher antimony content (above 8 wt.%), they produce an 
overall corrosion pattern. At Sb contents between 4 and 8 wt.% both patterns are 
present[28, 29].
The deleterious effects of antimony on the negative plate are much more significant. 
Under the anodic attack on the grid during the overcharge of each cycle, antimony 
passes into solution in the electrolyte in the form Sb5+ ions. Some of these are adsorbed 
by the positive active material and may contribute to its self-discharge, but the bulk is 
reduced to Sb3+ at the negative plate and deposited on the surface[30].
13
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The hydrogen over-potential of Sb is lower than that of Pb. This causes self-discharge 
of the spongy lead with the evolution of hydrogen[31]. Commercial Pb-Sb alloys 
currently use Sb contents between 4 and 8 wt%.
Small amounts of other elements are generally added to the Pb-Sb alloys to improve 
these short-comings. These additives include:
(a) Arsenic. Arsenic (up to about 0.5 wt.%) is considered to refine the Pb-Sb eutectic 
microstructure, increase the creep resistance which, in turn, increases the durability 
of the positive plate, especially during deep cycling [32, 33], promote more uniform 
corrosion[34, 35], and enhance castability[36]. Arsenic also causes fast age­
hardening of Pb-Sb-As alloys[33]. The detrimental effect of arsenic is its toxicity, 
with the possibility of arsine gas (ASH3) being formed during service.
(b) Tin. Tin has been traditionally added to Pb-Sb alloys to improve castability[37], 
and is considered to add a favourable solid solution strengthening effect. However, 
it has been shown to affect the age-hardening of cast alloys[38]. It has been 
proposed that tin improves the character of the grid-active material interface, 
preventing formation of a passivating film[39]. The mechanical properties and 
corrosion resistance of the Pb-Sb-Sn and Pb-Sb-As-Sn alloys are only slightly 
affected by tin contents up to 0.4 wt.%[40].
(c) Silver. The addition of silver is claimed to reduce the rate of anodic corrosion. It 
was first established by Fink and Domblatt[41] and later confirmed by Mashovets 
and Ljandres[42] that an addition of 0.1 ~ 1.0 wt. %Ag could reduce the attack on 
Pb-Sb alloy. The favourable property of Ag was attributed to (i) changes in the 
microstructure of the alloy; (ii) the catalytic activity of silver in decomposing
14
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persulphate as it was formed, giving more compact layers of protective PbC>2 on the 
surface of the grid metal[43].
(d) Copper and Sulphur. Copper is also a grain refiner. It is claimed that traces of it 
(0.005 to 0.05 wt.%) may improve the nature of corrosion and the castability[44]. 
Systematic investigations of the grain refinement of Pb-Sb alloy by addition of 
copper have been reported by Heubner and Uberschair[45]. Additions of only 0.01 
wt.% of sulphur had an even more pronounced effect with low antimony alloys (< 3 
wt.%Sb), but the greatest improvement was achieved by a combination of 0.05 wt.% 
of copper and 0.006 wt.% of sulphur. Sulphur is generally used in combination with 
copper. It was concluded that the compound formed with copper was Cu2Sb, and 
with sulphur, PbS, and both CuSbS2 and CU2S may act as nucleates. The Pb-Cu 
eutectic alloy contains 0.06 wt.%Cu [46]. A distinct minimum in the corrosion rate 
is observed at this concentration and this minimum becomes more pronounced when 
the antimony content in the Pb-Sb alloy is decreased [47]. It should be mentioned 
that if there is too much copper in the positive grids, it is also electro-deposited on 
the negative plate during charging. Since its hydrogen over-potential is lower than 
that of lead, its action is similar to that of antimony. Although lead-coated copper 
grids are already used in the negative plates of large cycling cell to improve 
conductivity, they are not sufficiently durable for use as positives[48, 49].
(e) Selenium. For alloys with < 2 wt.%Sb, selenium is the major choice of nucleating 
agent and is applied in combination with sulphur and copper. Small additions of 
selenium, 0.02wt. % to 0.05 wt. %, to low antimony lead alloy show marked grain 
refinement[50]. Tests results over a seven-year period on railway batteries show 
beneficial effects with selenium additions[51].
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Because of the undesirable effects of Pb-Sb alloy grids, the traditional lead-antimony 
alloys have been replaced by “low antimony alloys” (1.5 ~3 wt.% Sb) in the past 20 
years[52]. A wide variety of low antimony alloys with nucleates are in current use. A 
typical composition of a low-antimony alloy includes[54]:
Pb-1.7 wt.%Sb-0.18 wt.%Sn-0.23 wt.%As-0.052 wt.%Cu-0.019 wt.%Se-0.0016 wt.%S- 
0.013 wt.%Bi.
Casting of such alloys requires higher temperatures (from 530 ~ 550 °C) that must be 
rigidly maintained in order to avoid the nucleates crystallising and floating in the slag.
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2.1.3.2 Lead-Calcium Grid Alloys
Reviewing the development of the lead-calcium alloy system, it is not without surprise 
that the composition of the alloys, i.e. the concentration ranges of the minor elements 
incorporated in the alloys, even those lately reported [55, 56], show little significant 
variation since the alloys were introduced forty years ago[57].
Lead-calcium alloys were studied as early as 1859, and the application of the lead­
calcium alloys in lead/acid batteries was first reported by Thomas et al.[58] in 1935. In 
the first application, the lead-calcium alloys were only used in standby power batteries 
on float service because of the poor charge/discharge performance and comparatively 
poor cycle life. Since the 1970’s, there has been a growing demand in the battery 
market for low-maintenance and maintenance-free batteries. The traditional lead- 
antimony alloys are unsuitable for such types of batteries. This is because, during battery 
operation, antimony dissolves from the positive grid, deposits on the negative plate and, 
by virtue of its low hydrogen overpotential, causes excessive gassing. Obviously, this
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produces high water loss and demands routine maintenance.
The lead-calcium alloy system, due to its high hydrogen and oxygen overpotentials, has 
received greater and greater attention. Unfortunately, when lead/acid batteries with 
positive lead-calcium grids without antimony had first been placed on the market, there 
was a major disaster in terms of a very poor cycle life; the battery capacity declined 
sharply after deep-discharge cycles. This phenomenon was termed as the “antimony- 
free effect”. Later, the term “premature capacity loss (PCL)” was adopted. Detailed 
investigations on the ‘PCL’ have been reported recently by Pavlov [59] and Hollenkamp 
et al.[60] and will be presented in Chapter 2.4. The structure and general properties of 
Pb-Ca alloy systems will be discussed in detail and presented below:
(i) Equilibrium diagram of the lead-calcium alloys
The equilibrium diagram of the Pb-Ca alloy[21 ] is given in Figure 2.1.6. The 
maximum solubility of calcium in lead is 0.1 wt.% Ca at the peritectic temperature
328.3 °C. At room temperature, the solubility drops to about 0.01 wt. %Ca, causing 
intragranular precipitation of rods of PbCa3.
(ii) Mechanical properties and age-hardening
Rose et al.[61] have shown that age-hardening of the Pb-Ca binary alloys is due to 
the precipitation of fine particles of PbCa3 from the super-saturated solid solution, 
which produce lattice distortion of the single phase matrix, interfere with the slip 
planes of the normal crystal structure and thus account for the hardness of the alloy.
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Atomic Percent Calcium
Figure 2.1.6 Pb-Ca Phase diagram[21]
The cooling rate from the melt is quite important. A rapidly cooled alloy will 
spontaneously age-harden at room temperature, or alternatively , hardening may be 
accelerated by increasing the temperature above room temperature. At up to about 0.08 
wt.% of calcium with air-cooling, the increase in strength is roughly linear, but at higher 
content of calcium, the mechanical strength is reduced because large crystallites of 
PbCa3 form at the grain boundaries.
Lead-calcium alloys suffer more severe positive-grid growth in service than lead- 
antimony alloys. This growth is the result of a combined action that may be attributed to 
a swelling effect and creep-type deformation. The swelling effect in the grids is due to
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growth of inter-granular corrosion products during battery service. The tensile strength 
of cast lead-calcium and lead-antimony alloys are similar, but the creep strengths of cast 
lead-calcium alloy are much lower than their antimony counterparts[62].
There has been a series of studies that involved the improvement of lead-calcium alloy 
grids by further additions of other elements to the binary alloys.
Some of important additives will be discussed here[63]:
(a) Tin. Tin is the most common additive in lead-calcium alloys. Tin can improve the 
mechanical properties and castability of battery grids. The most attractive property 
of tin is the influence on the positive plates, i.e., suppression of the passivation of 
the positive plate (PPP). Pavlov et al have made great progress in the investigation 
of this phenomenon[64]. A review has been compiled recently by Culpin et al.[65]. 
Normally, tin content of about 0.5 wt.% has been used in lead-calcium alloys, but 
now 1-2 wt.% Sn is preferred for cast positive grids. Prengaman[56] pointed out 
that lead-calcium alloys with high tin contents were susceptible to severe penetrating 
corrosion and, thus, could not be used effectively for thin grids.
(b) Aluminium. One of the major problems in the use of lead-calcium-tin alloys is the 
control of calcium content. Calcium is very susceptible to oxidation, which is 
especially severe when the alloy is agitated by stirring, pumping or is accepting the 
return of trim scrap from cast grids and reject grids when the melt pot is over 450 
°C. To prevent calcium oxidation, the simplest way is to add aluminium to the 
alloys. Aluminium dissolved in the alloy affords the covering of the molten alloy 
with a layer of aluminium and aluminium oxide, which prevents access of oxygen to
Chapter 2. Literature Review
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the molten alloy. A level of 0.015 wt.% or more of dissolved aluminium is sufficient 
to prevent calcium oxidation[66].
Because it is difficult to dissolve aluminium in the lead alloy, elaborate methods 
have been devised. These include: molten salt cover, fused salt electrolysis, inert 
atmosphere, and floating dross cover.
A convenient way involves applying a commercially available Ca-Al master alloy 
for alloying calcium and aluminium in lead, as proposed by Prengaman[67]. 
Recently, a new method has been reported by Hibbins et al.[68]. This process uses 
pure calcium and aluminium in the form of granules; the approach offers some 
advantages over those previously proposed.
Although cast lead-calcium grid alloys commonly used contain a certain amount of 
aluminium to protect calcium from oxidation, the influence of aluminium on the 
electrochemical properties of the grid/active-material and on the battery performance 
is rarely reported.
(c) Other additives. A review on the research and development of grid alloys since the 
1960s was compiled recently by Bagshaw[69]. Elements, such as bismuth, silver, 
copper and some alkali earth metals, have already been proposed as gain-refining 
additives and have been extensively studied in lead and lead-antimony alloy 
systems. However, their effects on lead-calcium grid alloy systems are rarely 
reported. More detailed discussion about the effects of bismuth, silver, aluminium 
and copper on lead-calcium grid alloys will be given in Chapter 4, Chapter 5, 
Chapter 6 and Chapter 7, respectively.
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2.2 Fundamentals of the Lead/Acid Battery
2.2.1 The Double-Sulphate Theory
A number of theories have been proposed to account for the reactions taking place in the 
lead/acid batteries and controversies have arisen over these theories. The “double­
sulphate” theory, first proposed by Gladstone and Tribe in 1882[70], is now generally 
accepted, and is described below:
At the cathode, or positive electrode, lead dioxide reacts with sulphuric acid to form
lead sulphate and water:
Pb02 + 3 H+ + HSOf + 2 e' = PbS04 + 2H20  (2.2.1)
E = 1.655 - 0.0886 pH + 0.0295 log a (HSO;) (2.2.2)
At the anode, or the negative electrode, lead reacts with sulfate ion form lead sulfate: 
Pb + HS04' = PbS04 + H+ +2 e' (2.2.3)
E = 0.300 + 0.0295 log pH + 0.0295 log a (HSO;) (2.2.4)
The net reaction is
Pb + Pb02 + 2 H+ + 2HS04' = 2 PbS04 + 2 H20  (2.2.5)
E = 1.955 - 0.059 pH +0.059 log 2l(HSO/) (2.2.6)
In any case, the end products of the discharge on both electrodes are the same lead 
compound —  this is called the double sulphate reaction.
2.2.2 Capacity, Energy, Theoretical Capacity and Theoretical Energy Density
Capacity. The capacity is a measure of the electrochemical reactions which take place 
within the cell in accordance with Faraday’s law. Its unit is the ampere-hour, Ah = 3.6 x 
103 coulombs. In known reaction equations, which means with fixed partners and their
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charge transfer, the Faraday equivalents can be stated. If the valence changes by n for 
each current equivalent, exactly nF  coulomb are produced for one mole of reactant, or 
F=  1 Faraday = 96500 C = 26.08 Ah, from which the amount in grams of Pb, Pb02, and 
H2SO4 used per ampere-hour can be calculated.
This capacity does not depend on the inner structure of the masses or the discharge 
parameters and is called the theoretical capacity Cth,. As the upper limit of the capacity, 
it relates to the effective capacity C through the mass utilisation coefficient a, C =  a  
Cth- The practical discharge capacity of a mass called effective (or useful) capacity , C, 
depends on many factors and can be given under fixed conditions.
The discharge capacity C = J idt (2.2.7)
or with a constant discharge current /, C = I  x t  (2.2.8)
The discharge time t is defined as the time to reach a specified cut-off voltage. The 
capacity depends on the current and on the discharge time.
Energy. The watt-hours (JVh) is a measure of the energy or ability to do work. It is 
obtained by multiplying the ampere-hour capacity by the average value of the voltage 
during the discharge period. Energy density is the most widely used value for 
comparing different battery systems. It can be expressed as:
Energy Density = (2.2.9)
w weight
where n is the number of equivalents involved in the reaction, F  the Faraday constant, 
and E  the average voltage of the reaction on discharge.
The theoretical energy density of the lead acid battery can be obtained according to 
equations (2.2.5) and (2.2.9):
Pb + Pb02 + 2 HS04' + 2H + = 2 PbS04 + 2 H20  (2.2.10)
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The weight of the reaction participants
X  = 207.2 + 239.2 + 2x97.0 + 2x 1.008 = 642.4 (g) 
the transformed amount of energy is:
2x 96500/26.802 = 53.61 (Ah)
and the presumptive cell equilibrium voltage of E° = 1.955 (V) (at 25 °C, activity of the 
acid = 1 mol/1).
Thus, the Theoretical energy’ density = 53.61x1.955/0.6424 = 163.2 (Wh k g 1)
With different sulphuric acid concentrations and cell voltages considered, different 
values of theoretical energy density of the lead acid battery are provided[71-73].
2.23 Electrode Systems during Polarisation of Pb in H2SO4 Solution
To interpret the electrochemical reactions which occur in a lead/acid battery, a clear 
statement of the thermodynamic relation between the many compounds of lead in the 
system is obviously necessary. The potential/pH diagrams, Pourbaix diagrams[74], can 
be used for determination of possible chemical and electrochemical reactions as well as 
the stability regions of the electrode systems. The potential/pH diagram of 
Pb/H20/H2S04 system is given in Figure 2.2.1.
In the potential/pH diagram each full line represents the equilibrium between the phases 
of the two adjacent regions. Since H2O participates in each system, the equilibrium 
potentials of the hydrogen and oxygen electrodes also have to be included. It can be 
seen that different electrode systems are formed when the lead electrode is immersed in 
H2SO4 solution, wrhich depend on the electrode potential and the pH of the solution. It
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is possible to divide all the reactions capable of occurring in the given system into 
reactions connected with the oxidation or reduction of lead by the potential/pH 
diagrams[75].
Figure 2.2.1 Potential/pH diagram of Pb/H20/H2S04 at unit activity and at 25°C[75].
According to equations (2.2.1) ~ (2.2.6) a potential interval of about 2 V occurs between 
the equilibrium potentials of the Pb/PbS04 and Pb/Pb02/PbS04 systems. Extensive 
research has centred on whether these two electrode systems alone define the behaviour
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of the lead electrode immersed in H2SO4 solution.fi 3, 14, 76-81].
Pavlov et al. [79-81, 84] have established the models of the anodic systems based on the 
combination of x-ray diffraction and normal chemical analysis technique.
According to these models, the potential interval of the lead electrode immersed in 
H 2S O 4 solution can be divided into three electrode systems[81, 82]:
(I) Pb/PbSO4/H 2SO4 electrode system This is stable from -0.97 V to -0.40 V, which is 
terminated the “ PbSC>4 region”.
(II) Pb/PbOx/PbSO/H2SO4 electrode system This is stable from -0.40 V to +0.95 V, 
which is named the “ PbO potential region”.
(III) Pb/Pb0 2 /PbS0 4 /Ü 2S 0 4  electrode system. This occurs when the potential > 
+0.95V, which is known as the “PbCh region”.
Each of these electrode systems possesses its own characteristic properties, determined 
by the phase participating in the electrode system.
Ruetschi has developed a multilayer model which accounts quantitatively for the 
composition of the corrosion films as a function of potential, and for the potential 
observed during open-circuit depassivation. A schematic representation of the diffusion 
potential and pH gradient across a multiphase corrosion film and the composition of 
anodic corrosion films on lead in sulphuric acid after anodization at various constant 
potentials for 24 h are shown in Figures 2.2.2 and 2.2.3, respectively[83].
The multiphase nature of anodic corrosion films on lead in sulphuric acid is in 
agreement with experimental results concerning X-ray diffraction[80, 84-85].
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The detailed studies of the corrosion phenomena on the positive grid of the lead/acid 
cell have made it possible to understand the importance of proper float voltage control 
for longest life stationary batteries[86, 87].
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Figure 2.2.2 Schematic representation of the diffusion potential and pH gradient across 
a multiphase corrosion film[83].
Figure 2.2.3 Schematic representation of the multi-phase corrosion layer at different 
electrode potential[83].
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In order to better understand these electrode systems, they are discussed in detail here:
(I) Pb/PbSO 4/H 2SO 4 electrode system
When the lead electrode is immersed in H2S04 solution, the reactions occurring on the 
electrode can be expressed by the equations
Pb + HSO4' = PbS04 + H+ +2 e (2.2.3)
E = 0.300 + 0.0295 log pH + 0.0295 log a(HS04‘) (2.2.4)
there are also reactions of H2S04 in the solution:
H2S04 = H+ + HS04' (2.2.11)
h s o 4- = H+ + S042‘ (2.2.12)
where, lo g a(SQ?') = -1 .9 2 + pH
a(HSO-)
(2.2.13)
According to the potential/pH diagram, in addition to the Pb/PbS04 equilibrium, the 
evolution of hydrogen also takes place on the lead surface:
2 H+ + 2 e‘ = H2, E = -0.059 pH - 0.0295 log P(H2) (2.2.14)
where P(H2) is the hydrogen pressure[75,81,83].
The potential of the Pb/PbS04/H2S04(H2/H+) electrode system under open circuit 
condition is a steady-state potential at which the rates of H2 evolution and Pb oxidation 
are equal. Since the steady-state current is very small, the difference between the steady- 
state and the equilibrium potentials is small and can be neglected. The mechanism of 
Pb dissolution and the formation of PbS04 have been investigated by Archdale and 
Harrison [87] using a rotating lead disc electrode in de-oxygenated 1 M H2S04 solution. 
The result shows that the electrochemical dissolution process takes place under 
diffusion control and the electrochemical oxidation of Pb to PbS04 follows an overall
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dissolution —> precipitation mechanism.
This mechanism is also supported by the results from the morphological studies[88].
The schematic illustration of the dissolution precipitation mechanism is presented in 
Figure 2.2.4[89].
Figure 2.2.4 Schematic illustration of the dissolution precipitation mechanism[89].
The mechanism has been proved:
(i) the anodic PbSCU layer is highly porous, and the pores are the inter-crystal space;
(ii) during polarization, or under open-circuit conditions, reaction takes place within the 
pores between the crystals of the PbSÛ4 layer.
It has been further demonstrated[90] that the PbSC>4 layer is a selective semi-permeable 
membrane. Pavlov surmised[81] that two thermodynamically stable electrode systems 
could be formed when a Pb electrode was covered with a PbSCU layer, which depended 
on the width of the pores in the layer.
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(a) Wide pores:
All ions in the solution have free access and movement inside the PbS04 layer and can 
reach the metal surface. The electrode behaves as a classical Pb/PbS04 electrode, which 
has a high electric capacity and potential of about -0.97 V (vs. Hg/Hg2S04). During the 
polarisation, the solution in the PbS04 pores is alkalised temporarily.
(b) Pores with membrane dimensions:
Only H20 , H+ and OH* ions move inside. A constant pH gradient is formed, the solution 
becomes alkaline and PbO or basic lead sulphates are deposited. In this case, the 
electrode potential lies between -0.4 and -0.6 V depending on the pH of the solution in 
the pores. The potential consists of the sum of two components, i.e., the equilibrium 
potential of the Pb/PbO/H+ ( H+ ions in the bottom of the pores) and the equilibrium 
potential of PbS04 membrane for H+ ions in the bulk of the H2S04 solution.
(II) Pb/Pb O /P b S O /H 2SO 4 electrode system.
The Pb/Pb0/PbS04/H2S04 electrode system is formed when a lead electrode is 
immersed in H2S04 solution and polarised within the potential region: -0.4 V to +0.95 
V vs. Hg/Hg2S04. PbO is thermodynamically stable only above a certain pH, the 
stability limit depending on the concentration of S042* ions[14, 91]. The presence of 
PbO in the interior of corrosion films means that it is protected against the H2S04 by a 
layer of PbS04. Individual PbS04 crystals in the outer layer have dimensions in the 
order of 0.1 to 10 pm. The layers become impermeable to S042' and HS04* when they 
have reached a thickness of 1 to several pm. The pores are then practically closed[81, 
90]. A PbS04 layer is initially formed, a tet-PbO layer is located under the PbS04 layer, 
and the PbS04 membrane isolates PbO from contact with the H2S04 solution[80].
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Anderson and Stems[92] have shown that the intermediate phases are formed during the 
oxidation of tet-PbO, and these intermediate oxides are non-stoichiometric oxides of 
variable composition.
The dependence of PbOn ( 1 < n < 2) conductivity on its stoichiometric coefficient has 
been investigated by Lappe[93]. Lead oxides with different oxygen content were 
prepared by electric arc sputtering in oxygen-argon atmospheres with different gas ratios 
and shown that the electrical conductivity varied from 10'10 ohm"1 cm"1 to 102 ohm"1 
cm"1 , as the stoichiometry of PbOn changed from tet-PbO reached 1.4-1.5. The 
results are represented in Figure 2.2.5.
PbO
mixture [93].
A mechanism of dissolution, oxidation and precipitation for the oxidation of the PbS(>4 
layer to PbCL has been proposed by Valeriote and Gallop[94] and Pavlov et al.[95]:
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Dissolution o f a PbS04 crystal with the formation o f Pb2+ ions, diffusion o f Pb2+ 
(most often on the surface o f the PbS04 crystal) -> oxidation o f Pb2+ upon the Pb02 
surface —> deposition o f Pb02.
The generation of soluble, unstable Pb4+ species during the anodic formation of Pb02 in 
H2S04 has been established by Skyllas-Kazacos[96] with a rotating ring-disc(Pb) 
electrode during polarization between 0.8 and 1.7 V (vs. Hg/Hg2S04). These results 
show that the soluble Pb4+ unstable species has to be included in the above elementary 
processes.
(Ill) P b/P b02/P bS 04 electrode system  [81]
The Pb/Pb02/PbSC>4 electrode system can be obtained when a Pb electrode is anodically 
polarised above + 0.9 V (vs. Hg/Hg2S04) in H2S04 solution. Above + 0.96 V (lead 
dioxide region) the anodic layer contains a- and p-Pb02 and tet-PbO. The method of 
oxidation (potentiostatic or galvanostic) affects only the ratio of the phases, but not their 
presence in the anodic layer[95].
According to Bode et al.[97], the p-Pb02 has a higher electrode potential (~ 30mV) than 
the a-Pb02, while Ruetschi et al. found that the reversible electrode potential of a-Pb02 
in H2SC>4 was about 7 mV above that of P-Pb02 [13, 98]. The following values for the 
equilibrium potentials of a-Pb02 and P-Pb02 vs a SHE reference electrode are given by 
Beck et al.[99]:
cx-Pb02 : E = 1.687 - 0.118 pH + 0.0295 log a(SOf) (2.2.15)
P-Pb02 : E = 1.697 - 0.118 pH + 0.0295 log a(SOf) (2.2.16)
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The Pourbaix diagram for the Pb-H2S04-H20  system shows an equilibrium which 
presents the following reactions and corresponding equilibrium potentials[75]:
Pb02 + HS04‘ + 3 H+ + 2 e‘ = PbS04 + 2H20  (2.2.1)
E = 1.655 - 0.0886 pH + 0.0295 log 2l{HS0 4') (2.2.2)
Pb02 + S042' + 4 H+ + 2 e = PbS04 + 2 H20  (2.2.17)
E = 1.721 - 0.1182 pH + 0.0295 log a (SO/) (2.2.18)
These equations assume that the composition of the oxide corresponds accurately to the 
stoichiometric formula of Pb02. However, experimental results show that the lead 
dioxide is non-stoichiometric i.e., PbOx, where x = O/Pb, [79, 100-102]. Bagshaw et 
al. [102] have determined that the chemical composition of Pb02 is dependent on the 
preparation method.
If a Pb/Pb02/PbS04 electrode is immersed in H2S04 solution, according to the 
potential/pH diagram in Figure 2.2.1, two redox reactions proceed on the electrode: one 
reaction is the evolution or reduction of oxygen, and the other the oxidation of PbS04 or 
reduction of Pb02.
Under open-circuit conditions, the Pb/Pb02/PbS04/H2S04 system is in a steady-state 
condition. The potential at which the rates of the 0 2 evolution process and the Pb02 
reduction process become equal is the steady-state potential of the
Pb/Pb02/PbS04/H2S04 system.
Since the steady-state current is very low, and the polarization of the H20 /0 2 electrode 
is high, the difference between the steady-state potential and the equilibrium potential of 
the Pb/Pb02/PbS04 electrode is negligible[81].
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2.2.4 Hydrogen Overpotential on Lead
The overpotental of hydrogen evolution is quite an important characteristic of the 
negative electrode of a lead acid battery. The value of the hydrogen overpotential 
determines not only the rate of self-discharge of the electrode, but also the efficiency of 
the current used in the charging process and the hydrogen evolution rate which is of 
particular concern in VRLA batteries.
The influence of the state of the surface of the electrode on the overpotential has been 
investigated [103], including variables such as anodic activity, porosity, annealing, 
electropolishing, solidification[104]. These results show that the hydrogen evolution 
rate is markedly dependent on the state of the electrode surface.
Hydrogen overpotential. The potential/pH diagram shows that a H2/H+ equilibrium is 
established upon the lead surface in H2SO4 solution[75]:
2 H+ + 2 e' = H2 , E = -0.059pH -0.0295 log P(H2) (2.2.19)
During the polarization of this system, the flow of the current requires that the real 
potential Ej be shifted appreciably in the cathodic direction The shift in potential: 
rm = E j - (2.2.20)
is called the “hydrogen overpotential”, where E[t/H eq is the equilibrium potential of
H2/H+ redox reaction which can be obtained therotically from Nemst equation. rj(H2) is 
a function of the current density, j c, as expressed by the Tafel Equation :
rj{H2) -  a + b log jc (2.2.21)
where the constant a reflects the nature of the electrode, and the constant b is related to 
the mechanism of the process and is commonly known as the Tafel slope.
However, in addition to the hydrogen evolution reaction (equation 2.2.19) lead becomes
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thermodynamically unstable at pH values less than 6. Reaction (2.2.3) also takes place 
on the Pb electrode when it is immersed in H2S04 solution. Such an electrode is called 
a “multiple electrode”. For the consistent application of thermodynamics to 
electrochemical sources of current relative to the reversible equilibrium at vanishing 
current density, the difference from the overall current-free potential E0 (a zero-current 
potential) has been used frequently as a reference potential for the measurement of the 
hydrogen overpotential in such a “multiple electrode system”[105-108], rather than the 
Ejr,H calculated from Nemst Equation, i.e.,
7l(H2) -  Ej - E0 (2.2.22)
This will be discussed in detail in Chapter 4.
M echanism o f  Hydrogen evolution
The discharge of hydrogen ions from an acid solution can be imagined to occur through 
a series of not very well-defined stages[109]:
(1) The hydrogen ions from the bulk of the solution move up into the outer plane of the 
electrical double layer of the electrode. If this were the rate-determining step in a 
particular experiment it would be recognised by the concentration overpotential to 
which it would give rise.
(2) The hydrogen ion is transferred across the double layer.
(3) HT is dehydrated.
(4) ^  receives an electron from the electrode. The net result of these changes will be a 
hydrogen atom adsorbed on the metal surface. Whether or not 2-4 are separately 
distinguishable from one another, and the order in which they occur, are matters of 
opinion.
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(5) Hydrogen atoms combine to form hydrogen molecules. This may occur by the 
process: 2 H = H2, but a second possibility that has been suggested is by the arrival 
of a second hydrogen ion at a site at which a hydrogen atom has been adsorbed:
H + H30 + + e' = H2 + H20.
(6) The hydrogen molecules are desorbed.
(7) Bubbles are formed and the hydrogen is evolved.
The above steps can be summarised as follows:
(1) Diffusion : (H 30 ) +buIk =  (H 30 ) +eiectrode surface;
(2) to (4) Discharge step: M + (H30)+ + e" = M-H + H20;
(5-(a)) Combination step: M-H + M-H = 2 M + H2;
(5-(b)) Electrochemical step: M-H + (H30 )+ + e' = M + H2 + H20.
If one of these steps is much slower than any of the others, it will determine the rate of 
the process, the reactants and products of the other steps maintaining equilibrium with 
one another in the steady conditions imposed by the slow step. It is realised, however, 
that a single explanation of hydrogen overpotential is not to be expected. A very wide 
range of conditions has been studied, and a step that is not rate-determining under one 
set of conditions may become the slow step when conditions are drastically changed; in 
transition from one mechanism to the other a region of mixed control may be 
recognisable, where two steps are of comparable rates.
The “ slow discharge” theory of hydrogen overpotential assumes that the process 
represented by steps (2)-(4) is rate-determining. This theory is considered to be valid 
for all the metals of high overpotential, which have very low exchange current, and give 
the value b = 0.118 in the Tafel equation, as the theory would require.
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If a metal adsorbs hydrogen atoms with a very high adsorption energy, however, the 
energy level of the adsorbed hydrogen will be correspondingly reduced. The process of 
discharge will then have a low activation energy and will take place easily, and some 
other step in the chain is likely to be rate-determining.
Bockris et al[l 10] have shown that the slow-discharge rate is rate determining during 
the hydrogen evolution process of a lead electrode in 0.5 M H2S04. It was found that b 
= 0.13 - 0.14 and Tafel slopes greater than 2RT/FE are due either to adsorption of 
organic impurities or to the presence of conducting film. The effect of surface coverage 
on hydrogen overpotential and adsorption and desorption of hydrogen on the electrode 
surface have been investigated by Ruestchi et al.[106] and Amlie et al.[l 11]. The effect 
of adsorption of S042' ions has been reported by Carr et al.[l 12].
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2.2.5 Oxygen Overpotential on Lead Dioxide
Oxygen overpotentials are difficult to measure on metals because of the tendency for the 
surface to oxidatise or dissolve. It is well known that oxygen is evolved from a lead 
electrode only when a layer of lead dioxide has been formed on the electrode surface 
and that the overpotentials are relatively high[l 13].
The evolution of oxygen on lead dioxide of different origin has been widely investigated 
by various methodsfl 14-118]. The oxygen reaction proceeds through several stages 
involving the formation of intermediate species, i.e., OH', O', HO2’, O, etc. These 
species can interact with defects in the lead dioxide and thus alter their properties, 
concentrations and charges. The interface may acquire properties which differ from 
those in the bulk of the degenerated semi-conductor. This affects the value of the
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equilibrium potential of the H2O/O2 electrode on the Pb02 surface.
Jones et al.[114] reported that in order to obtain reproducible curves, the electrode had 
to be polarised at the highest current density of the investigated polarisation curve for a 
definite period of time. Ruetschi et al.[106, 115-117] have established the dependence 
of the electrode potential on the current density for a-Pb02 and P-Pb02 in 4.4 M H2S04. 
The polarization behaviour follows the Tafel equation and the oxygen overpotential is 
referred to the reversible Pb02/PbS04 potential for oxygen evolution.
Mechanism o f  oxygen evolution:
Various mechanisms for the oxygen evolution process have been proposed [81, 111, 
118-120]. One mechanism is presented here: H20  molecules are oxidised in acidic 
solution:
H20  = OH + H+ + e* (2.2.23)
H ions migrate into the bulk of the solution and electrons are transferred through the 
Pb02 layer to the current-collector. OH radicals may recombine with OH‘, or with other 
OH radicals:
2 OH = O + H20  (2.2.24)
or
OH' + OH = O' + H20  (2.2.25)
O' = O + e (2.2.26)
Finally oxygen atoms combine into molecules:
2 0  = 0 2 (2.2.27)
It was suggested that the reaction (2.2.24) is the rate-determining step[l 14, 121].
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2.3 General Aspects of Valve-Regulated Lead/Acid Batteries 
(VRLABs)
The development of new alloy systems and the application of the valve-regulated 
technique enabled the so called “sealed maintenance-free” batteries or more accurately, 
the Valve-Regulated Lead/Acid batteries, to be commercially viable. These batteries 
(VRLABs) can be operated in any position without danger of acid leakage for a variety 
of applications where a standard battery with flooded cells cannot be used. Growing 
markets for VRLABs include uninterruptible power supplies (UPS), telecommunication 
systems, consumer batteries, solar power applications, electric vehicles and many 
others. From the literature review it can be seen that the major research and 
developmental activities of lead/acid batteries in the last 20 - 30 years have been 
involved in VRLABs[44,122-129].
The principle of a sealed electrochemical energy conversion device function during 
overcharge on an oxygen recombination cycle was reported to have been first advanced 
by Lange et al[130], which has been successfully employed in the sealed nickel­
cadmium cell[131]. Jeannm[132] has claimed that the principle can be applied to sealed 
lead/acid batteries as an extension of this concept. The mechanism of the recombination 
process which was expected to occur in the lead acid cell has been described by 
Ruetschi et al.[133].
The design of sealed valve regulated lead acid batteries is based on the same electrode 
reactions as in a conventional lead acid battery, however this reaction is modified by the
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principle of recombination of the gasses produced, and gas release is carefully 
controlled by a special regulating valve.
During the recharging process of conventional lead acid batteries with liquid electrolyte, 
electrolysis occurs which produces hydrogen and oxygen which leave the cell, i.e., as 
the cell approaches 85 to 90% state-of charge, the recharge reactions become less 
efficient.
The positive electrode begins to evolve oxygen[128]:
H20  = 2H + + 2 e '+  i o 2(g) (2.2.28)
At the negative electrode, hydrogen ions react to form hydrogen gas:
2KT + 2 e = H2 (g) (2.2.9)
The net reaction is water electrolysis:
H20  = H2(g) + j  0 2 (g) (2.2.30)
Thus, hydrogen and oxygen are released from the cell in stoichiometric proportions. In 
order to compensate for this, occasional additions of water are required.
In the VRLA batteries with absorptive glass mat technology (AGM), the oxygen 
produced at the positive plate diffuses through the microfibre glass separator, which is a 
very high porosity material comprising the surface of the plate, to the negative plate 
where it is recombined into water and returned to the electrolyte. The lead sulphate 
generated is reduced to lead and the process starts again.
As discussed above, oxygen and hydrogen evolution generally occur under fully charged 
conditions. Since the positive electrode is less efficient for the charging process than
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the negative electrode, oxygen is always evolved at a lower state of charge and, indeed, 
all the reactions of PbC>2 in the lead/acid cell occur in the O2 region (Refer to Chapter 
2.2.4). Hydrogen is only evolved from the negative electrode when the cell approaches 
the fully charged condition [134,135].
Mechanism o f  oxygen cycle:
At the positive electrode:
H20  = 2H + + 2 e ' + i 0 2 (g) (2.2.28)
At the negative electrode:
Pb + i  0 2 (g) + H2S04 = PbS04 + H20  (2.2.31)
PbS04 + 2H+ + 2 e = Pb + H2S 04 (2.2.32)
In this cycle, the oxygen chemically discharges the negative plate, preventing it from 
reaching a potential where hydrogen will evolve. Since the plate is simultaneously on 
charge, the discharge product is immediately reduced to lead, restoring the chemical 
balance of the cell. For a perfect sealed lead/acid battery, the net sum of these reactions 
is thus zero.
Under normal fully charged condition, the electrical energy input into the cell is 
converted into heat which must be dissipated from the cell to prevent overheating and 
overcharging. The oxygen-recombination efficiencies can reach up to 99% for better 
designed lead/acid batteries and release only very small quantities of hydrogen and 
carbon dioxide under normal charging conditions [136].
Hydrogen recombination can take place only relatively slowly via the reaction 
Pb02 + H2 + H2S04 = PbS04 +2 H20  (2.2.33)
at the positive electrode.
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This hydrogen recombination is reported to be insignificant and is likely to be inhibited 
by sulphate ion adsorption[137,138].
Figures 2.2.6 (a) and (b) show current-potential curves of the charge/discharge reactions 
of the lead/acid. It can be seen that both oxygen and hydrogen will evolve when the 
battery comes to the state of full recharge. Obviously, the potential of the recharging 
process (maximum cell voltage is generally limited at ~ 2.65 V) must be relatively 
strictly controlled.
Requirements fo r  oxygen cycle [140]:
(i) The oxygen must be transported from the positive to negative electrode in the gas 
phase. This is done either by only partially saturating a porous separator with acid, 
so that the void volume remains, or by using a gelled acid with microcracks for gas 
transport.
(ii) The negative electrode must have a high hydrogen overpotential and the total system 
must be free of impurities which may be transferred to the negative in the course of 
cycling and thereby reduce the overpotential.
(iii) The cell must contain “free lead” in the negative electrode to react with the oxygen. 
The positive electrode will thus reach overcharge and begin evolving oxygen before 
the negative electrode starts to overcharge. Oxygen recombination will then produce 
PbS04, discharging the negative electrode and preventing it from evolving 
significant quantities of hydrogen.
(iv) The cell must be sealed to prevent oxygen and water from escaping and to prevent 
other gases from entering. Atmospheric oxygen can rapidly discharge the lead
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electrode. One way pressure-relief valves are generally used to seal the cell to 
prevent a potential explosion if the cell is abusively overcharged.
Figure 2.2.6 (a) Overcharging with constant current[139].
current evolution of  Oi
Figure 2.2.6 (b) Overcharging with constant voltage[139].
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2.4 Failure Modes of Valve-Regulated Lead/Acid Batteries
The technology of valve-regulated lead/acid batteries is still at an early stage compared 
with that of conventional flooded batteries. Based on the published information 
[141,142], major failure modes of VRLABs will be presented and discussed as follows:
(I) Grid corrosion
Grid corrosion is an important life-limiting process in float application[143]. An 
accelerated life test based on the Arrhenius equation has been developed for VRLAs to 
predict service life under normal conditions[144,145]. Grid corrosion is also a 
significant failure mode of miners’ cap-lamp batteries under cycling duties and of 
motive-power[146] and remote-area power-supply (RAPS) applications^ 47].
In general, lead alloys that are virtually free from antimony are used in VRLABs and the 
reason has been discussed in Chapter 2.1.3.2. Lead-calcium-tin(-aluminium) alloys are 
preferred to be used for VRLABs. In the case of cast lead-calcium-tin(aluminium) 
alloys, there are many variables influencing grid corrosion[141].
The most important are:
(i) alloy composition[ 148-151];
(ii) casting condition;
(iii) positive active materials[152];
(iv) impurities that accelerated corrosion;
(v) potential of the positive plate;
(vi) battery temperature.
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(II) Grid growth
Grid growth is closely associated with corrosion. Pb-Ca type alloys have a tendency to 
non-uniform corrosion due to preferred grain boundary attack[10]. This type of 
corrosion penetrates deeply into some parts of the grids. This causes a tremendous 
growth, promotes loss of contact between the grid and the active material. It is not the 
total oxidation of the grid lead to lead dioxide that limits the life of the battery, more 
often, failure results when a grown grid come into contact with the negative top-bar to 
create an internal short-circuit[58].
(III) Water loss/drying out
Water loss is connected with three main mechanisms[153]:
(a) . The inefficiencies of gas-recombination;
(b) permeation through the container material, and
(c) grid corrosion.
Under float-charging with the regulated voltage, the recombination efficiencies are 
typically 97-98% and, therefore, this is rarely a life-limiting mechanism. The situation is 
quite different with batteries in cycling service; significant gassing occurs with each 
recharge. In order to avoid gassing, the charging voltage can be kept at a low value but 
this will give a longer charging time and inefficiency.
A high charging voltage is helpful for reducing the charging time and avoiding 
sulphation, but promotes the risk of significant water loss [154].
(IV) Positive-mass softening and sulphation
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These failures are mainly a problem of the cycling application.
Softening of the mass means that PbC>2 particles lose contact with each other, so that 
parts of the active mass become electrically isolated and cannot participate any longer in 
the discharge process.
A capacity test shows that[142] softening always starts from the outer parts of the plate 
with subsequent progress into inner parts with increasing number of cycles. After 100 
cycles, only a thin layer of soft material was observed, but after 500 cycles more than 
70% of the positive active material was soft. Results from these experiments found that 
softening alone was the cause of the observed decrease in capacity, no significant 
quantities of lead sulfate were found and the grid/active interface was also in good 
condition
In general, it is possible to determine clearly whether the failure is softening or 
sulphation. Although the acid density cannot be measured directly in VRLABs, the 
open-circuit voltage (OCV) is a useful measure to estimate, at least roughly , any 
decrease in the acid density due to sulphation. In practice, an approximate value of 
OCV can be calculated by: OCV (V) = 0.85 + d where d is the electrolyte density in g 
cm'3. Batteries with softening of the positive mass have the normal OCV but a lower 
available capacity.
Two theoretical models are proposed, one is the so called “Kugelhaufen” model[155- 
158], the other is the Pavlov’s gel zone model[159-161]. Although both theories allow 
a better understanding of the degradation of the positive active mass during cycling, it is 
still not completely clear which parameters are the most important in avoiding
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softening. It is suggested[136] that the design of the battery, the type of application, and 
the charging regime are particularly important parameters which strongly influence the 
speed of softening.
Sulphation of the positive mass is often caused by a charging regime that does not 
match the application of the battery. It is a problem with batteries particularly used for 
heavy cycling[162].
(V) Sulphation o f  negative plate
Irreversible sulphation of the negative plate, with subsequent capacity loss, might be one 
of the main failure modes of VRLABs. There are two possible reasons for this:
First, if the failures of the battery are from the negative plate, the problems are due 
mainly to the fact that the pressure-release valve is not in good condition. In this case, 
the valve does not close correctly after opening so that oxygen enters the cell and 
oxidation of the negative mass causes sulphation of the negative plate during storage of 
the battery. To avoid this problem, the press-release valve has to be controlled carefully 
before it is fitted to the battery.
The second possible cause of irreversible sulphation could come from the effects of acid 
stratification^ 163]. Sulphuric acid produced during battery charging will tend to sink to 
the bottom of the cell and give rise to a vertical concentration gradient. The latter will 
make the reduction of PbSC>4 more difficult at the bottom than at the top of the cell. In 
flooded-electrolyte systems gassing on overcharging is an efficient means of mixing the 
electrolyte and equalising the acid concentration. Obviously, this is not possible in 
VRLABs. So a tall cell design should be avoided. However, it is generally found not to
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be a serious problem, especially in VRLABs with gelled-electrolyte[164]. In tall cell 
designs, the problem can be alleviated by operating the cells in a horizontal position.
(VI) Premature capacity loss (PCL)[59,60]
When lead-antimony grids in lead/acid batteries are substituted by lead-calcium ones, 
the battery life is dramatically shortened on deep-discharge cycling. This phenomenon 
is due to a decline in capacity of the positive plates, despite the fact that no visible 
damage to the positive-active mass (PAM) is observed and the plates are fully charged. 
The capacity loss precedes softening and shedding of the PAM. Investigations have 
demonstrated that the effect is due to the absence of antimony, rather than to the 
presence of calcium[165]. This phenomenon was termed first as the “antimony-free 
effect”. Such abnormal phenomenon is also observed in positive plates of low- 
antimony-lead ( < 1.5 wt.% Sb) and, thus, the term, “premature capacity loss (PCL)” has 
been adopted and now is widely accepted.
It has been shown that the PCL effect is encouraged by the following conditions[59]:
(a) the battery grids are made of lead, lead-calcium, lead-calcium-tin (not very high 
content of tin) and low-antimony lead alloys;
(b) high utilisation coefficient of the positive active mass;
(c) lower active density;
(d) no stack pressure on the positive plates in the cells, and
(e) the battery is flooded with a sufficient amount of H2S04.
Two general concepts have been distinguished. The first one assumes that PCL is due 
to the changes in PAM during cycling which result from the following phenomena:
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(i) impaired contact between PbC>2 crystals in the structure of PAM (Kugelhaufen 
model[155]);
(ii) changes in the intrinsic electrochemical activity of PAM(hydrogen-loss model[161], 
and
(iii) changes in the a/(3-Pb02 ratio.
The other concept assumes that the changes in the electrical properties of the corrosion 
layer are the reason for the PCL. The effect is due to:
(i) formation of a PbS04 barrier layer, and
(ii) formation of a a-PbO semiconductor layer.
As discussed above, different models have been proposed to explain the PCL 
phenomena, however, some contradictions appear from them and the effects of some 
variables are not yet fully understood. Nevertheless, the PCL problem can be 
suppressed or eliminated by optimum battery design and good process control with 
considerations including: grid alloy, active-material/acid ratio and compression of the 
cell plate-group etc. It has been reported recently that VRLA batteries with flat positive 
plates and with lead-calcium grids without antimony (32 Wh kg'1 energy density), 
produced by the improved technique, have achieved 700 cycles in 100% DOD at C/5 
rate[141]. This demonstrates that there is no principal reason why VRLA batteries 
should not be used for deep-discharge cycling.
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2.5 Limitations and Further Opportunities
To date, most effort in the lead/acid battery technology goes into improvements in 
specific energy[71]. This has steadily pushed specific energy levels up from 20 ~ 25 
Wh/kg to current development batteries that are approaching 50 Wh/kg[166]. Energy 
density is limited by the specific weight of active materials including the electrolyte, 
H2SO4, which is a reacting species. Because of the need for H2S04 to react, diffusion 
plays a major role in the discharge kinetics. Energy density and life have been, up to 
now, mutually opposing objectives.
Diffusion requires the most porous structure and thinnest plates possible for maximum 
energy density. Cycle life can be varied from 100 to 2000 by increasing grid and plate 
thickness. However, in thick traction plates, Pb02 utilisation decreases to about 25 
percent. Corrosion of the positive grids is also enhanced by thin grids. Hence, high 
energy density and long life have been incompatible objectives. Development effort 
will be focused on critical areas such as manufacturing consistency, superior grid alloys, 
novel separators and new designs such as bipolar and ultra-thin-plate or hybrid systems.
The theoretical energy density of the lead acid battery is 170 Wh kg'1. A chart below 
shows that the practically attainable capacity is much lower than the theoretical values.
This Chapter has presented the literature review. In the next Chapter the experimental 
methods and the corresponding theories used in the study will be described.
49
C h a p te r  2. L ite ra tu re  R e v iew
Sources of specific energy reduction from the theoretical energy density[73]
Pb . P b O , , H . S O . V  2 PbS04 + 2 H2 O 
Wh/kg
114 W h/kg
Grids & Connectors & Terminal 
81 Wh/kg
Separators 
79 Wh/kg
Case 
75 Wh/kg
| Additional active mass(AM) utilisation (30%)
[ Additional grids to hold AM
| Additional acid 1
| \  35 W h/kg 1
Possible ways for the improvements of specific energy
Recombinant battery 
. (no extra acid)
Increase AM utilization to 50%
Reduce grid and top lead weight by 25%
;rease in energy density:
5U ~
■
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Chapter 3 Experimental and Principles
3.1 Introduction
Most of the experiments were performed in the laboratories of the University of 
Wollongong. The sample alloy compositions were analysed in the microanalysis 
laboratory of the University of New South Wales, Australia. Fabrication and tests of 
sample batteries were carried out in a workshop of a battery manufacturing company. 
Experimental methods used in the present study referred to published reports, 
handbooks, ASTM standards and some industrial standards. Some experiments were 
limited by the unavailability of equipment facilities and time, such as the analysis of 
prototype batteries after their service life.
3.2 Experimental Procedures
Grid alloys of Pb-Ca-Sn-Al are the base alloys investigated in the present study. Some 
minor elements have been chosen as alloying additives to be added into the base alloy 
by different alloying methods. These sample alloys have been characterised electrodes 
by different methods using test electrodes. The general experimental procedure is 
illustrated briefly in Figure 3.1.
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Figure 3.1 Schematic of the general experimental procedure
3.3 Preparation of Lead-Calcium-Tin-Aluminium Alloys
Chemicals: lead (99.99 wt. %), calcium (99.5 wt.%), Tin (99.9 wt.%) and aluminium 
(99.9 wt. %) supplied by Sigma Chemical Company.
Equipment: a graphite crucible ( diameter: 120 mm; high: 160 mm), a sealed lid with an 
in let and an outlet on the top; a temperature controllable furnace; a stirrer with a speed- 
controllable motor; a stainless-steel screen-container. A schematic of the set-up foi the 
preparation of lead alloys is given in Figure 3.2.
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Figure 3.2 Schematic of a set-up for the preparation of lead-alloys
1 stainless-steel screen container;
2 graphite crucible;
3 sealed lip of the crucible;
4 stirrer with a speed-controllable motor;
5, 6 inlet and outlet of air;
7 temperature controllable furnace;
8 liquid lead.
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Casting is the most economic and widely employed method for the grid manufacturing. 
Manufacturing difficulties experienced during the initial development of lead-calcium 
alloys were attributed to variability in calcium content of the metal. Calcium is very 
susceptible to oxidation, which is especially severe when the alloy is agitated by stirring, 
pumping, or accepting the return of trim scrap from cast grids and reject grids when the 
temperature at the melt pot is over 450 °C[63].
It has been reported that[58] calcium contents above 0.1 wt.% will cause increased 
corrosion and higher grid growth rates. Calcium contents below 0.05 wt.% will give 
poor mechanical strength. The effect of calcium contents on grid growth rates is 
presented in Figure 3.3.
Several methods have been devised to prevent calcium oxidation. These include: molten 
salt cover; fused salt electrolysis; inert atmosphere, and floating dross cover. The 
simplest way to prevent calcium oxidation is to add aluminium to alloys[66]. Aluminium 
dissolved in the alloy affords the covering of the molten alloy with a layer of aluminium 
oxide, which prevents access of oxygen to the molten alloy. A level of 0.015 wt.% or 
more of dissolved aluminium is sufficient to prevent calcium from oxidation. The effect 
of aluminium on the loss of calcium in grid casting is presented in Figure 3.4.
Since dissolving aluminium in lead alloy is difficult, a convenient way involves applying a 
commercially available Ca-Al master alloy for alloying calcium and aluminium in lead, as 
proposed by Prengaman[67].
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In the present study, an alternative method, via a Sn-Al master alloy, was developed to 
add aluminium to lead. It was found this method was more convenient for preparing 
lead alloys for grid manufacture both in the laboratory and in the workshop.
The Sn-Al master alloy was prepared by adding 9 parts of tin to the crucible, heating to 
over 550 °C and then adding 1 part of aluminium granules to the liquid with stirring. 
After the aluminium melted, a homogeneous mixture was formed and then, the resulting 
alloy was poured into ingots as the master alloy for preparing the cast grid alloy.
The melting point of the Sn-Al binary alloy is about 530 °C which is suitable as a master
alloy for preparing cast grid alloys. The phase diagram of Sn-Al binary alloy[46] is
presented in Figure 3.5.
The lead-calcium-tin-aluminium alloy was prepared by:
(i) melting a weighed amount of lead in the crucible;
(ii) adding the weighed master Sn-Al alloys and weighed calcium granules together into 
the specially designed stainless-steel container;
(iii) adjusting the furnace temperature to 550 °C and letting inert atmosphere(Argon) 
flow through the crucible (through the inert-gas covers the liquid surface);
(iv) controlling the height of the container, keeping it in the liquid lead and then stirring;
(v) the container is kept below the surface of the molten lead, the dissolution takes 
approximately 1 5 - 2 0  minutes and then, the lead-calcium-tin-aluminium alloy is 
ready to cast.
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Figure 3.3 Relation between growth rate of positive plates 
and calcium content of grid alloy [5 8]
Figure 3.4 Effect of aluminium on loss of calcium in grid casting[66]
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Atomic Percent Calcium
Figure 3.5 Phase diagram of tin-aluminium binary alloy[46]
3.4 Preparation of Working Electrodes
Sample alloy rods (diameter: 10 mm) were gravity-cast manually at 550 °C in a steel 
mould and cooled in air. All sample rods were stored over four weeks before further 
experiments in order to avoid age-hardening effects. Working electrodes were prepared 
by cutting the sample rods to a designed length and then the diameter was measured 
accurately to ± 0.02 mm using an optical microscope.
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Each alloy rod was mounted in epoxy resin (Araldite) in a plastic holder. A ratio of 4:1 
or 5:1 by volume of epoxy resin to the hardener was used. Curing was conducted for 24 
h at room temperature. One end of the alloy rod was made an interior-screw by which a 
long copper/stainless-steel bar with a screw can be attached. This can make good 
electrical contact and hold the electrode rigidly. The end was polished to expose the 
working electrode surface. The conducting bar was covered by resin or wax to insulate 
it from the electrolyte. A schematic of the working electrode is shown in Figure 3.6.
2 1
Figure 3.6 Schematic of working electrode assembly,
1 working electrode surface;
2 epoxy resin base;
3 holding and conducting bar.
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3.5 Electrode Surface Treatment
Particular care should be given when grinding and polishing lead and lead alloys. These 
alloys with a hardness of less than about 20 HV, are very soft and ductile. Because 
many abrasive particles can become embedded in the section during abrasion, it is 
difficult to obtain a scratch-free final polish, therefore, special treatments are required. 
These alloys are also sensitive to abrasion artefacts such as recrystallisation if the 
sample treatment is not appropriate.
Several polishing and etching methods have been tested during the sample preparation 
and a specific method has been chosen and employed throughout the present study.
The procedure is listed in Table 3.1 [63]. The mounted samples were ground and 
polished using an automatic polisher (Struers Abramin, Denmark).
Electrolytic polishing was also employed, and found to be particularly suitable for pure 
lead. The composition of the electrolyte for the electrolytic polishing is[166]:
800 ml ethanol (absolute) + 140 ml distilled H2O (optional) + 60 ml (60%HC104)
The time required is 15 ~ 60 s, the cell voltage is 12 ~ 35 V.
3.6 Alloy Composition Analysis
Several chemical analysis methods[167] can be used to determine calcium, tin, 
aluminium and other trace element contents in lead, such as atomic absorption 
spectroscopy, x-ray fluorescence spectrometry, spark emission spectroscopy, inductive 
coupled plasma spectroscopy (ICP) and electron microprobe analysis (EMPA).
ICP and EMPA are accurate and convenient means for the analysis and were employed 
in the present study. Alloy samples analysed by ICP need to be dissolved in a solution.
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The sample alloy was powdered by filing (grinding with a file) first and then, weighed 
and dissolved in volume of 30 % hydrochloric solution plus a few drops of sulphuric 
acid with heating. The electron microprobe analysis can be performed directly on the 
working electrode surface after the final polishing and then coating the sample electrode 
with carbon.
Table 3.1 Procedure for grinding and polishing of grid-alloys[63]
autopolisher Grinding Polishing
1 2 3 1 2 3
Base SiC- SiC- SiC- DP—Mol DP-Nap OP-Chem
paper paper paper 0.06p
Grain 500 800 1200* DP-Spray DP-SPRA OP-S*
3(ji lp
Lubricant Paraffin Paraffin Paraffin Red Red
Speed rpm 300 300 300 150 150 150
Pressure N 90 90 90 120 90 60
Time 60 60 60 120 120 120
* subsequent etching in 90 ml OP-S +10 ml solution 2. 
solution 1: 1:100 ml H20  distilled , 139 ml HNO3. 
Solution 2: 84 ml glycerine, 8 ml CH3COOH, 8 ml HNO3.
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3.7 Mechanical Property Measurements[168]
The engineering tensile test is widely used to provide information on the strength of 
materials. In the conventional engineering tensile test, an engineering stress-strain curve 
is constructed from the load-elongation measurements made on the test specimen.
The strength parameters that are used to describe the strength of a metal are the tensile 
strength and yield strength. The ductility of a metal is indicated by the percent 
elongation and reduction in area. These parameters can be obtained from the load­
elongation curve and depend upon composition, heat treatment, prior history of plastic 
deformation, the strain rate and temperature.
The tensile strength, or ultimate tensile strength (UTS), su, is the maximum load, Pmax, 
divided by the original cross-section area of the specimen, A q.
(3.1)
The tensile strength is the value most frequently quoted and easy to determine from a 
tensile test.
max
Elongation. The conventional measurement of ductility that is obtained from the 
tensile test is the engineering strain at fracture ej. Elongation is expressed as a 
percentage:
ef =
L f Lq 
Lo
(3.2)
where Lf is the final length after the fracture, Lo the original length.
It should be realised that the measured elongation from a tensile specimen depends on 
the gauge length of the specimen:
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r\ A q ~
ef=  P ~ T  (3.3)
A)
where Aq is the original area of the cross section of the specimen.
To compare elongation measurements of different size specimens, the specimens must 
be geometrically similar. ASTM standard recommends a h .  value of 4 0 for round
specimens, where D0 is the original diameter of the cross section of the round 
specimen[169].
In the present study, dumb-bell shaped samples (D0 = 5 mm, h .  = 4.0) for elongation
A)
and tensile strength measurements were machined from cast sample rods. Tensile 
strength results were collected on an Instron Mechanical Testing Machine (model-4302, 
England).
Vickers-Hardness (HV) measurements were performed on a Micro Hardness Testing 
Machine (Leco M-400-H1, Japan).
3.8 Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV)
The basic approach in controlled-potential methods of electrochemistry is to control in 
some manner the potential of the working electrode while measuring the resultant 
current, usually as a function of time. In linear-sweep voltammetry, the potential is 
scanned linearly from Ej to £2, shown in Figure 3.7. While cyclic voltammetry is an 
extension of linear-sweep voltammetry with the voltage scan reversed after the current 
maximum (peak) of the reduction process has been passed. The voltage is scanned 
negatively beyond the peak and then reversed in a linear positive sweep. Figure 3.8
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illustrates the shape of a cyclic voltammogram with an electrode of fixed area. The 
voltammogram is characterised by a peak potential Ep, at which the current reaches a 
maximum value and by the value of the current ip. When the reduction process is 
reversible, according to the Randles-Sevcik equation, the peak current is given [170]:
ip = 2.69 x  105 n* A D> Cb v* at 25 °C (3.4) 
where ip is in A(ampere), A in cm2, D in cm2 s '1, Cb in mol cm'3, and v in V s'1.
Because of the dynamic nature of voltage-sweep voltammetry, irreversible processes 
give an expression for the peak current distinctly different from those for reversible 
system:
ip = 2.99 x lO 5 n ( a n ap A  v ‘ at25°C (3.5) 
where na represents the number of electrons in the rate-controlling step and a  is the 
transfer coefficient (normally with a value 0.3 and 0.7).
Cyclic voltammetry is one of the most reliable electrochemical approaches to elucidate 
the nature of the electrochemical processes, and to provide insights into the nature of 
processes beyond the electron-transfer reaction. This method has been extended to the 
study of the chemical kinetics for chemical processes that precede or follow the 
electron-transfer process, as well as for the study of various adsorption effects that occur 
at the electrode surface. However, they are more complicated[171].
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Figure 3.7. Potential-time profile used for linear-sweep voltammetry (solid line) and 
cyclic voltammetry ( both solid and dashed lines).
Figure 3.8 Linear voltage-sweep voltammogram with reversal of sweep direction to 
give a cyclic voltammogram. Initial sweep direction to more positive 
potential.
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Different electrode systems, as discussed in Chapter 2, have been investigated by these 
two methods. Data were acquired using a scanning potentiostat (Model 362, EG & G 
Princeton Applied Research or/and CV-27, AD Instruments Pty. Ltd.) via a MachLab/8 
interface ( Analog Digital Instruments, AD Instruments Pty Ltd) to a Macintosh 
computer supported by Chart version 3.3.5 software. Potentiostatic and 
potentiodynamic anodic polarisation measurements were carried out with reference to 
ASTM standard G5-87. This measurement system is schematically illustrated in 
Figures 3.9.
Electrochemical MacLab/8 Analog-Digital Interface Macintosh Performed
cell Model-362 Scanning Potentiostat Computer
Figure 3.9 Schematic of electrochemical measurement and data acquisition system.
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3.9 Electrochemical Impedance Spectroscopy (EIS)[172]
Electrochemical Impedance Spectroscopy (EIS) has many advantages in comparison 
with other electrochemical techniques. During EIS experiments, a small amplitude 
signal is applied to the system being studied.
EIS is a non-destructive method and can provide detailed information of the systems 
under examination. EIS measurements in the present study were performed with an 
Electrochemical Impedance Analyzer (Model 6310 EG & G Princeton Applied 
Research). Data collection, display and analysis is controlled by the software M398 
running on a IBM computer.
3.10 Corrosion Tests
Normal corrosion tests were carried out at room temperature in 1.28 sp.gr. H2SO4 
solution while accelerated corrosion tests were performed at 50 or 60°C ±1°C. These 
tests were performed under a constant anodic oxidation potential of + 1300 mV which 
was provided by a potentiostat (Model 363, EG&G Princeton Applied Research, US or 
CV-27, AD Instruments Pty. Ltd.). After each test, specimens were extracted from the 
test cell, washed free from acid, and dried. The corrosion layer was dissolved in a 
“stripping solution”[63] in an ultrasonic cleaner for 1/2 hour. The individual weight 
loss was then measured by an electronic balance (K0001, A&D, Japan).
This experimental condition closely simulates the condition of the positive-plate grid of 
VRLABs under float-charging. The acceleration factor under the accelerated test 
condition is assumed to be 8 (for 50 °C) and 16 (for 60 °C). This assumption has been 
generally applied in the prediction of battery service life of VRLABs, i.e. the corrosion
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rate of battery grids follows the Arrhenius relation, from which it can be estimated that 
the corrosion rate will be doubled as the temperature is increased by each 10 °C 
increment with respect to the grid corrosion rate at 20°C. The corrosion cell and the 
multiple electrode system used in the corrosion tests will be discussed in detail in the 
following Chapter.
3.11 Microstructure and Morphology Analysis
The microstructures of sample alloys were examined through the metallographic cross 
section of the sample electrodes by optical microscopy ( Leica, NMR, Japan). The 
mounted electrodes were ground and polished following the procedure described above. 
The morphology of anodic oxide films produced on the electrode surface under different 
anodic potentials and time were examined using an optical microscope, Leica NMR, and 
a scanning electron microscope , Leica 440, (SEM).
3.12 Analysis of Grid Alloy in Sample Batteries
Sample batteries have been fabricated with sample alloy grids in a workshop of a battery 
manufacturer. These batteries, after cycle life tests, were disassembled. The growth of 
the positive grids and the corrosion of the grids were examined after the active material 
was removed. Obviously, this is the most direct way to examine the sample alloys 
under practical conditions. However, this method is limited by the inconvenience of 
obtaining access to and using the battery manufacturing facilities, and also the time 
required.
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Depending on applications, batteries can be used for cycling service (charge-discharge) 
and floating service (the battery is kept fully charged by the application of a constant DC 
voltage). The latter is the normal condition of VRLABs in service and the battery 
service life under this condition is generally presumed to be limited by the grid 
corrosion. The grid corrosion of battery under floating service can be directly simulated 
by the normal corrosion test or the accelerated corrosion test.
There are some other methods which can be used to evaluate grid alloys, such as via 
pasted grids and test cells. However, the methods described above are most commonly 
used in battery research. These methods, particularly, are necessary for the study of an 
individual electrochemical process and some specific electrode systems. These will be 
discussed in detail in the following Chapters.
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Chapter 4 Effects of Bismuth on the
Properties of Lead-Calcium- 
Tin-Aluminium Grid Alloys
4.1 Introduction
The influence of bismuth on lead/acid batteries has long been an area of interest. 
Historically, high purity lead (99.99%) in battery manufacturing was considered 
necessary for good battery performance and bismuth was regarded as an undesirable 
element in lead/acid batteries. The purity of lead, within the range 99.9% to 99.99%, 
differs only in the bismuth content, according to ASTM B29-49. Because of the 
chemical similarity of bismuth to lead, the removal of bismuth from lead to a level below 
250 ppm is both difficult and expensive. This may be one of reasons why the 
investigation of the effect of bismuth on the lead-acid battery has been of so much 
interest for both battery manufacturers and lead suppliers[63].
Bismuth can be removed from lead by the traditional Kroll-Betteron (KB) lead-refining 
process. The solubility relation near the freezing point of lead can be presented 
by[173]:
log([Ca]3 [Bi]2) = 12. 46-— (4 l )
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where T is the temperature in degrees Kelvin, [Ca] and [Bi] represent wt.%Ca and 
wt.%Bi in liquid lead respectively.
From thermodynamic considerations, the amount of bismuth, therefore, is tied up with 
calcium. In a normal Pb-Ca-Sn grid casting process, the temperature of the molten lead 
is kept around 450 °C, leading to a higher bismuth solubility in the molten alloy. 
However, Bi2Ca3 compound could be precipitated on cooling according to the equation: 
3Ca + 2Bi = CasBi2 (4.2)
for which Moodie[174] calculated an equilibrium constant at 330 °C :
K =  [Ca]^[Bi]2= 8xl0 '7 (4.3)
The calcium and the bismuth contents in the molten lead will be varied on cooling 
according to equation (4.1) and the solubility of bismuth in lead with a given calcium 
content at different temperatures can be directly calculated from the equation.
For examples, if the calcium content is kept at 0.1 wt.% in lead, the solubility of 
bismuth will be: [Bi] = 0.0299 wt.% at 330 °C, [Bi] = 0.059 wt.% at 350 °C and [Bi] =
0.153 wt.% at 380°C.
It should be point out that the above calculations are based on the thermodynamics and 
these can be true when the system is in an equilibrium. A lower temperature (around 350 
°C) of the lead furnace is generally held between the shifts in the grid-casting procedure 
and this could be in favour of the equilibrium of calcium and bismuth at lower 
concentrations. From thermodynamic consideration and manufacturing convenience, 
therefore, higher bismuth contents in lead-calcium type alloys are undesirable because 
they could result in the formation of Ca-Bi compound and, in turn, reduce the required
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calcium (also the bismuth) content in the alloys. A small amount of bismuth, however, 
still can be added into the grid alloy (or into the active material) considering the solubility 
of Ca-Bi compound in lead. The effect of bismuth, whether harmful or beneficial to grid 
properties and battery performance has been studied for a long time and considerable 
conflict in results appears in the literature[175].
Some recent publications have suggested that the presence of a certain amount of 
bismuth could be beneficial rather than deleterious. Kelly and Hampson[176,177] have 
explored the effect of bismuth on lead and lead-calcium alloys. The effect of the addition 
of bismuth on alloy corrosion, in the range of 0.084 wt.% to 0.281 wt.% Bi in the alloys, 
was investigated by the linear sweep voltammetric (LSV) method. These authors 
concluded that the additions of bismuth to the alloy resulted in an overall decrease in the 
maximum peak current density values, jpmax , for the potentiodynamic curves as the 
additive rendered the alloy less susceptible to anodic attack (low j PniaX value). The alloy 
containing 0.15 wt.% Bi showed the least susceptibility to anodic corrosion. However, 
these results contrast with the earlier reports of Brynsteva et al.[178] and Gonzales et 
al.[179]. Furthermore, the comparatively higher bismuth content could possibly reduce 
the required calcium content in the alloys.
Rice[180]and Koop et al.[181] both reported the effect of bismuth on pure lead by cyclic 
voltammetric studies. The former reported that the values of Ep (current peak potential) 
had been increased by the presence of bismuth. The author concluded that bismuth in the 
positive lead electrode inhibited the oxidation of lead sulphate to lead dioxide; increased 
the amount of oxygen evolved; prevented the formation of a more porous sulphate film
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on the surface of the electrode due to an enhancement of the nucléation of lead sulphate 
leached from the electrode and was possibly deposited on the negative electrode. The 
latter authors proposed that bismuth produced a dual influence on the corrosion of lead 
beneath the PbS04 film: one was by altering the morphology of the PbS04 crystal 
(bismuth caused the development of a more porous film that promoted an increased 
attack of the underlying substrate), the other was by modifying the grain structure of lead 
which determined the extent of corrosion under the PbS04film.
The influence of bismuth content on grain refinement and subsequent corrosion 
behaviour has also been reported by Papageorgiou et al. [182,183] in terms of cyclic 
voltammetric and weight-loss measurements. These results confirmed a non-linear 
relationship between the oxidation of lead sulphate to lead dioxide and bismuth content. 
Detrimental effects on strength associated with bismuth have been reported by 
Prengama[184]. The author doped 0.012 wt.% Bi into pure lead, lead-calcium and lead­
calcium-tin alloys, respectively. For the lead-calcium alloy, it was found that bismuth 
promoted the segregation of Ca-rich and Bi-rich regions. This effect, in turn, accelerated 
the rate of grain boundary movement. An enhanced segregation of tin and bismuth was 
observed in lead-calcium-Sn alloys with high ratios of Sn to Ca. However, it was 
suggested that the resulting development of high levels of bismuth and tin in localised 
areas might be advantageous from the point of view of improved battery recovery from 
deep-discharge. Caldwell et al. [185] investigated the effect of bismuth on the hydrogen 
evolution reaction in lead-calcium and lead-calcium-tin alloys. They reported that low 
levels of bismuth, < 0.018 wt.%, had little influence on the gassing rate, a greater effect 
was promoted by the Ca and Sn constituents. A report from Maja et al. [186] showed
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that the presence of bismuth suppressed the hydrogen evolution and enhanced oxygen 
reduction. This result implied that bismuth might improve the performance of the gas 
recombination in VRLABs.
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Cycle life testing of SLI batteries with lead-calcium-tin grids containing various amounts 
of bismuth has been reported previously by Devitt and Myers[187], In an overcharge life 
test, based on SAE J537, no ill effects due to bismuth were observed. In a cycle life test, 
based on SAE J240, cycle life tended to increase with increasing bismuth content for 
lead-0.07 wt.% calcium -0.7 wt.%Sn grids containing 7 - 480 ppm bismuth (i.e. up to 
0.048 wt.%Bi).
Lam et al. [107] reported the effect of bismuth additions on the metallurgical and 
electrochemical properties of Pb-1.5 wt.%Sb alloys. Their results showed that the 
addition of bismuth had no significant effect on the age-hardening behaviour, general 
microstructure or grain size of the alloy, but influenced the morphology of the eutectic in 
the inter-dendritic regions. They also reported that the corrosion rate of the grid 
decreased with the increase of the bismuth content and that bismuth content up to 0.09 
wt.% did not affect the self-discharge behaviour of the batteries.
An analysis of the literature shows that most studies have been performed on lead- 
bismuth binary alloys or lead-antimony alloys, and very little information relates to the 
influence of bismuth on the common grid alloys of lead-calcium-tin (with or without 
aluminium). Therefore, systematic studies of the influence of bismuth have been
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performed in the present work. The purpose of this study is to reveal the effects of 
bismuth on common grid alloys of lead-calcium-tin-aluminium which include the effect of 
bismuth on mechanical, electrochemical, corrosion properties and gassing behaviour 
These will be discussed in detail in the following subsections, respectively.
Chapter 4 Effects ofBismuth on the Properties o f Lead-Calcium-Tin-Aluminium Grid Alloys
4.2 Preparations of Sample Alloys and Electrodes
A nominal alloy composition of Pb-0.09 wt.%Ca-0.6 wt.%Sn-0.01 to 0.02 wt.%Al was 
chosen as the base alloy (0.002 wt. %Bi was detected as a trace element in the alloy). 
Different amounts of bismuth (Aldrich Chem. Co. 99.9%) were weighed, and the 
weighed bismuth was added to the molten alloy at about 450 °C for 20 minutes. The 
alloying process was carried out by using the apparatus shown in Figure 3.1 of Chapter 
3. Sample alloy rods (diameter: 10 mm) were gravity cast manually at the above 
temperature in a steel mould and cooled in air. All sample rods were stored over four 
weeks for age-hardening before experiments. The preparation of working electrodes and 
electrode surface treatments have been already described in Chapter 3.3.
4.3 Composition, Microstructure and Mechanical Property 
Examinations
The alloy compositions analysed by ICP (inductively coupled plasma spectroscopy) and 
the electron probe microanalysis (EPMA) were listed in Table 4.1. The metallurgical
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microstructure of the cross section of the working electrode was examined by an optical 
microscope (Leica, NMR, Japan).
Dumbbell samples (Do =5 mm, Lo/Do = 4) for elongation and tensile strength 
measurements were machined from cast rods. The tensile strengths of sample alloys 
were tested on an Instron Mechanical Testing Machine (model-4302, England) and an 
average value of each sample alloy was obtained from three specimens. Vickers- 
hardness measurements were performed on a Micro Hardness Testing Machine (Leco M- 
400-H1, Japan). All these results were included in Table 4.1.
Metallographs of alloys with different bismuth contents, the same group alloys with a 
thermally treatment ( 240 °C for 20 hours and then cooled at room temperature) were 
presented in Figures 4.3.1 (a)-(d) and 4.3.2 (a)-(d), respectively. The thermally treated 
alloys were used only in the hydrogen evolution rate measurements in order to see the 
effect of the thermal treatment process (or the variation of age hardening condition ) on 
the hydrogen evolution reaction rate.
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It can be seen from Figures 4.3.1 that the additions of bismuth result in grain refinement. 
A slight increase in hardness and tensile strength also can be observed with the bismuth 
contents from 0.045 to 0.073. The increase in Vickers Hardness and the tensile strength 
may be attributed to the grain-refining effect of the soluble bismuth-calcium compound. 
However, the base alloy (a), compared to these alloys with bismuth addition ( b, c and 
d), shows the highest values of Vickers Hardness and the tensile strength. The lower 
values for these alloys may be because the loss of calcium resulting from the bismuth 
addition as indicated in Table 4.1.
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(c) 0.059 Bi (d) 0.073Bi
Figures 4.3.1 (a) - (d) Microstructure of Pb-Ca-Sn-Al alloys with different 
Bi contents.
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(a) 0.002 wt.%Bi (b) 0.059 wt.%Bi
Figures 4.3.2 (a) - (c) : Microstructure of Pb-Ca-Sn-Al alloys with different 
Bi contents after thermal treatment, (d) pure lead.
(c) 0.073 wt.%Bi (d) pure lead
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Table 4.1 Effects of bismuth on the mechanical properties of Pb-Ca-Sn-Al alloys.
Alloy composition wt% 
determined by ICP 
Ca Sn A1 Bi
Vickers
micro­
hardness
Elongation
%
Tensile
Strength
kgf/mm2
0.071 0.383 0.016 0.002 14.9 32.1 3.44
0.068 0.379 0.013 0.045 13.4 34.9 3.28
0.064 0.374 0.010 0.059 13.9 30.4 3.41
0.064 0.362 0.016 0.073 14.3 26.2 3.58
4.4 Effect of Bismuth on the Electrochemical Behaviour of Lead- 
Calcium-Tin-Aluminium Grid Alloys[l88]
4.4.1 Potentiodynamic Anodic Polarisation Plots
The effect of bismuth, in the range 0.002 wt.% to 0.073 wt.%, on the electrochemical 
properties of lead-calcium-tin-aluminium alloy in sulphuric acid solutions at room 
temperature has been investigated by potentiodynamic methods. Working electrode 
compositions were listed in Table 4.3.1.
Potentiodynamic anodic polarisation plots provides a qualitative overview of (1) the 
activating, (2) passivating and (3) transpassivating processes which correspond to:
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Figure 4.4.1.1 Anodic polarisation plots for different Bi additions,
sweep speed 0.2mV s'1 at 20 °C in 0.5 M H2SO4.
Figure 4.4.1.2 j paSs vs. Bi contents at EpaSs-  1-0V  in 0.5 M H2SO4.
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(1) Pb —> Pb+2 ( PbSC>4), (2) PbSC>4 -»  PbSC>4( thicker layer), (3) PbSC>4 -» Pb02: 
reactions.
Potentiodynamic anodic polarisation plots at 20 °C in 0.5M H2SO4 solution are 
presented in Figures 4.4.1.1. The region A in Figure 4.4.1.1 is the active region in 
which the working electrode corrodes as the applied potential is made more positive, 
corresponding to the reaction: Pb —> PbS(>4. At B  further increase in the electrode 
potential, the current density reaches a maximum and the onset of passivation begins. 
This point is characterised by the two co-ordinate values, the primary passive potential 
(Epp) and the critical current density (jc). In the region C the current density decreases 
rapidly as the passivating film forms on the specimen. A small secondary peak is 
observed after region C, where there is a change in current density as the potential is 
increased. With further increase in the applied potential, the passivating film begins to 
break down in the region E , the transpassive region, corresponding to the reaction: 
PbS04  —» PbC>2 and O2 evolution.
Passive current density values of different electrodes from these anodic polarisation 
plots at a given passive potential, (Epass)5 are presented in Table 4.2, where jpass is the 
passive current density at the passive potential EpaSs and E55 is the corrosion potential at 
open-circuit after 55 minute immersion. The passive layer has been demonstrated to be 
a two-layer structure, i.e., Pb/PbOx/PbSO4[80]. The instability of the passive layer, as 
evaluated by the passive current density, increases with the Bi additions but not linearly. 
The relationship between jpass and bismuth content is plotted in Figure 4.4.1.2.
These results suggest that the bismuth additions could modify the two-layer structure 
and make the passive layer more conductive, in other word, the bismuth addition affects
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the passiving behaviour of the working electrode. This can be further proved by the 
impedance measurements and will be discussed in the impedance study subsection of 
this chapter.
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4.4.2 Cyclic Voltammetric Measurements (CV)
Hampson et al.[176,177] described that a “stabilised electrode” could be obtained by 
cycling the applied potential to obtain a constant response between the limits 400 mV 
and 1520 mV in linear sweep experiments. The stability of sample electrodes was 
examined by measuring the maximum peak current density values (jpmax) of the constant 
response curves, i.e., jpmax, represents the anodic corrodibilty. These authors suggested 
that the formation of PbC>2 from PbSCU could not be a solution mechanism since the 
current was not rotation speed dependent throughout these experiments.
In the present study, two electrode stabilisation conditions were used. One was to raise 
the upper limit potential to + 2000 mV in the first cycle then cycling between + 500 to 
1600 mV, as described by Hampson et al. The initial overpotential is necessary 
otherwise negligible product of lead dioxide is formed. The rate of attainment of 
constant response was studied by following changes in peak current density values (jp) 
as the electrode was cycled. The percentage increase in peak current, 0P/jPmaxx100); vs 
the cycle number is plotted in Figure 4.4.2.1 The constant current density value 
corresponds to a steady-state of the transformation of PbCb from PbSC>4, and this is 
determined by the extent of the electrode blocking process due to the formation of dense 
Pb02 layer excludes the reactant H2SO4 molecules from the surface.
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Figure 4.4.2.1 Increase in peak current vs cycle number with different bismuth contents, 
sweep rate 10 mVs'1 between + 500 mV and + 1600 mV in 1.28 sp.gr. H2SO4, at 20 °C.
Results from Figure 4.4.2.1 show that more cycle numbers are required for higher 
bismuth electrodes to get the maximum peak current or to arrive at the constant 
response. However, this trend is not linear with the increasing in bismuth content. 
These results might be attributed to that bismuth slows down the rate to get to “the 
steady-state” of the transformation of Pb0 2  from PbS0 4 , i.e., bismuth inhibits the 
electrode blocking process perhaps by altering the morphology of the PbS(>4 crystal.
If bismuth causes the development of a more porous PbSC>4 layer, longer time would be 
required to form a dense PbC>2 layer to block the open pores formed by PbSC>4 crystals 
to exclude the reactant HSO4’ ions from the surface. In order to make further 
explanation, more evidence is required.
82
Chapter 4 Effects of Bismuth on the Properties of Lead-Calcium-Tin-Aluminium Grid Alloys
The other method employed in this study was to anodically stabilise the electrodes at + 
1400 mV for 14 hours in the electrolyte before the cycling. This treatment is aimed at to 
form a film of Pb02 on the working electrode surface and make the 
Pb/Pb02/PbS04/H2S04 electrode system available before the cycling. Results are given 
from Figures 4.4.2.2 to 4.4.2.5.
The peak current density values, jp for the Pb02 formation peak, attain a constant 
response only after about 40 cycles. These peak current density values vs. cycle number 
are plotted in Figure 4.4.2.6, which provide information of the effect of bismuth on the 
oxidation of PbSC>4 to Pb02. These results indicate that the bismuth additions could 
vary the kinetic barrier to the oxidation of PbSC>4 and hence, accelerate the formation of 
Pb02 from PbSC>4.
The relationship between jpmax and bismuth concentration is plotted in Figure 4.4.2.7, 
which shows a maximum anodic attack (high jpmax value) occurring at the highest 
bismuth content (0.073wt.%), but again the effect is not linear with bismuth content. A 
possible explanation for this may due to the variation of the metallurgical microstructure 
of the alloys and/or the morphology of the PbSC>4 crystals caused by the bismuth.
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Figure 4.4.2.2 Linear sweep voltammograms of Pb-Ca-Sn-Al electrode (0.002%Bi), 
held at +1.4 V for 14 h, sweep rate 10 mVs' 1 in 1.28 sp.gr. H2SO4 at 20 °C.
Figure 4.4.2.3 Linear sweep voltammograms of 0.045%Bi electrode, held at +1.4 V for 
14 hr, sweep rate lOmVs'1, in 1.28 sp.gr. H2SO4 at 2 0 °C.
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Figure 4.4.2.4 Linear sweep voltammograms of 0.059 wt. %Bi electrode, held at + 1400 
mV for 14 hr, sweep rate 10 mV s' 1 in 1.28 sp.gr. H2SO4 at 20°C.
Figure 4.4.2.5 Linear voltammograms of 0.073 wt.%Bi electrode, held at + 1400 mV 
for 14 hr, sweep rate 10 mVs’1, in 1.28 sp.gr. H2SO4 at 20 °C.
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Figure 4.4.2.6 jp vs cycle number
Bi wt.%
Figure 4.4.2.7 jpmax vs. bismuth content.
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4.4.3 Potentiostatic and Potentiodynamic Studies at Different Temperatures
Similar potentiostatic measurements were performed on the same group working 
electrodes at 5 °C and 50 0 C, respectively, to study the kinetics of Pb02/PbS04 redox 
reaction. The instability of the passive film, as evaluated by the passive current density, 
varies proportionally with the bismuth content. The anodic polarisation plots were 
given in Figures 4.4.3.1 and 4.4.3.2.
From Figure 4.4.3.1, it can be seen that the region B (onset of passivation) shifts to more 
negative values at lower temperature and the changes in the passive current density at 
lower temperature, 5 °C, are not consistent with that of Figure 4.4.1.1 (at 20 °C) and 
Figure 4.4.3.2 (at 50 °C). This means that the bismuth addition could modify the two- 
layer structure, however, the effect of bismuth on the passive behaviour is not consistent 
throughout the whole temperature region investigated; bismuth increases the passive 
current (accelerates the dissolution of the PbS02 passive film) at higher temperature but 
decreases it and, thereafter, leads to a more stable passive film at lower temperature.
This double character can be further explained by the bismuth effect on the kinetics of 
the oxidation-reduction of PbSC>4/Pb02 at different temperatures. The values of EpP and 
y'pass obtained from Figures 4.4.1.1, 4.4.3.1 and 4.4.3.2 were listed in Table 4.2 and 
plotted in Figure 4.4.3.3.
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Figure 4.4.3.1 Anodic potentiodynamic polarisation plots at 5 °C in 0.5 M H2SO4.
Figure 4.4.3.2 Anodic potentiodynamic polarization plots at 50 °C in 0.5 M H2SO4.
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Wt.%Bi
Figure 4A3.3  j pass vs. Bi contents at Epass = 1.0V  in 0.5 M H2S0 4.
Table 4.2 Data from potentiodynamic anodic polarisation plots under different 
temperatures at Epass = 1.0 V.
20 °C 5 6C 50 °C
Electrode E55 (mV) Jpass? E55 (mV) Jpass E55 (mV) Jpass
wt.%Bi pA/cm2 pA/cm2 pA/cm2
0.002 -928 31.44 16.21 -913 60.4
0.045 -927 40.49 11.48 -910 83.11
0.059 -934 38.02 12.15 -918 73.45
0.073 -929 64.22 9.15 -915 87.25
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Cyclic voltammetric measurements were also performed at different temperatures to 
study the oxidation-reduction reaction of PbSCVPbOj. In order to understand the 
bismuth effect on the kinetics of oxidation-reduction of PbS04/Pb02, experiments were 
performed at a series of temperatures from 0 °C to +50 °C. Attention was given to the 
earlier cycles, after the electrode was initially swept to a potential of + 2000 mV, the 
first cycle peak current value was recorded in each experiment.
Typical CV plots from the electrode without bismuth addition at different temperature 
are presented in Figure 4.4.3.4.
As discussed in Chapter 2, the oxidation of PbS04 follows the mechanism:
Dissolution ( PbS04 crystal -> Pb2+) -> diffusion (Pb2+) oxidation ( Pb2+ upon the
Pb02 surface ) —> deposition ( Pb02).
____ ChaPter4 E ffec ts  °f  B ism u th  on th e  P ropertie s  o f  L ead-C alciu m -T m -A lum im u m  G r id  A llo ys
Figure 4.4.3.4. Cyclic voltammogram, scanning rate 2  mV/s, in 1.28 sp. gr. H2SO4.
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It can be seen that the Pb02 formation peak is being buried by the oxygen wave as the 
temperature goes down and only one peak due to the reduction of Pb02. (cathodic 
current peak, C). The difference between the anodic potential peak, EA, and the 
cathodic potential peak, Ec, AE = EA - Ec , increases as temperature goes down due to 
the shifts of Ea to more positive potential (more pronounced) and Ec to more negative 
potential. The same process was performed on electrodes with different bismuth 
content. The changes of AE from + 50 °C to 0 °C are 263 mV (5.26 mV/°K) for the 
electrode with 0.002 wt.%Bi, 256 mV (5.12 mV/ °K) for the electrode with 0.045 
wt.%Bi, 252 mV (5.06 mV/°K) for the electrode with 0.059 wt.%Bi and 236 mV (4.72 
mV/°K) for the electrode with 0.073 wt.%Bi, correspondingly. Since AE value can be 
related to the reversibility of the system, the increasing in AE increases the irreversibility 
of the reaction: PbSC>4 + 2H20  <-» Pb02 + SO^’ + 4H+
The increased value can be used to explain the poor charge/discharge performance of 
lead/acid batteries at lower temperature. However, bismuth shows a beneficial effect on 
suppressing the change in AE, this means that bismuth addition could improve the 
charge/discharge performance at lower temperature.
The logarithmic values of the oxidation peak of PbSCU, jpo> and the reduction peak of 
Pb02, jpR„ from voltammograms at the constant sweep rate (2mV/s) versus T 1 were 
plotted in Figures 4.4.3.5 (a) and (b) respectively. It can be seen that two straight lines 
can be obtained in two temperature regions (-10 °C to 10 °C and 10 °C to +50 °C), 
individually and they show Arrhenius relation between the peak current density and 
temperature.
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Fig.4.4.3.5. Arrhenius form, data from cyclic voltammograms, (a) jpo is the oxidation 
peak current density of PbSC>4 (b) jpR is the reduction peak current density of PbC>2.
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These two temperature regions indicate that the kinetic parameters are not uniform 
across the whole temperature region and thus the bismuth effect on the oxidation- 
reduction of PbSCVPbC^ is not consistent throughout the whole temperature region. 
Since the electro-oxidation reduction of PbS04/PbC>2 are slow reactions, it is unlikely to 
complete the reaction in one cycle. These results, however, provide more evidence in 
understanding the effect of bismuth on the electro-oxidation reduction of PbS04/Pb02.
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4.5 Electrochemical Impedance Spectroscopy (EIS) Studies
Electrochemical Impedance Spectroscopy (EIS) is a relatively new and powerful 
technique for measuring the rate of electrochemical reaction and investigating the 
electrochemical behaviour of an electrode system. During EIS experiments, a small 
amplitude ac signal is applied to the system being studied and data analysed by Laplace 
and Fourier transformations ( via computer software) yield the impedance. In practice, 
EIS is used mainly for semiquantitative purposes[172]. This technique has been already 
applied on the studies of lead/acid battery system.
Hampson and Kelly have measured the impedance of Pb02 films formed on pure lead 
and lead-calcium alloys[177]. Recently, Brinic et al.[189] reported the results from EIS 
measurements on lead and lead-antimony alloys in lead sulphate and lead dioxide 
potential regions. Simon et al.[190] studied the passive layers formed on lead-tin alloys 
in tetraborate and sulphuric acid solutions by EIS.
The impedance behaviour of an electrode system, i.e. an impedance plot (in either 
Nyquist form or Bode form or others), mainly depends on two properties of the system, 
(i) the electrochemical double layer and (ii) the so-called faraday contribution. These
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properties are influenced by variables such as the electrode potential, the surface 
concentrations of reactants, temperature of the electrolyte, layer thickness and 
conductivity, surface roughness etc.
Figure 4.5.1 shows the effect of electrode immersion time on impedance measurements. 
During these measurements the same working electrode was used, the electrode was 
under open-circuit potential and all other parameters were identical. The only variable 
was the electrode immersion time in the electrolyte. The impedance values indicated 
that the electrode surface (film) state changed continuously with the immersion time. 
This was attributed to the progressive thickening of a lead sulphate layer nucleated upon 
the electrode surface and, after the initial build-up of the PbSC>4 layer, the reaction 
continues to occur between the PbSC>4 crystallites. When the layer is sufficiently thick 
the diameter of the high-frequency semicircle becomes very large and the electrode 
tends to be insulated from the electrolyte solution. This explanation also can be used to 
interpret Bode plots in Figure 4.5.2. However, the slope of the low-frequency part of 
the impedance spectra is lower than the expected Warburg slope (22.5 °C for a porous or 
45 °C for a plane electrode).
It was also found that the slope varied with the electrode immersion time. The 
impedance spectra tended to exhibit only a capacitive semicircle as the electrode 
immersion time was prolonged. This can be explained if the ion diffusion occurred at 
the electrode only when it was first immersed in the electrolyte, and then ceased when 
the PbSC>4 layer formed on the electrode surface and became thicker and impermeable to 
ions. It can be concluded from this (Warburg slope) that the electrode reaction under 
such a condition did not involve the free diffusion of species at the electrode.
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Figure 4.5.1 Nyquist plots for the electrode with 0.045 wt.%Bi at the open-circuit
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Figure 4.5.2 Bode plots for the same electrode as in Figure 4.5.1, 
modules vs frequency.
Figure 4.5.3 Bode plots for the same electrode as in Figure 4.5.1, 
phase vs frequency.
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An equivalent circuit model (an electronic network) can been proposed to describe the 
structure and kinetic changes of the electrode. Furthermore, the proposed equivalent 
circuit can be mathematically simulated by computer software, such as the “Simplex’- 
fitting” and the “Equivalent Circuit”. Unfortunately, these software packages were not 
available to the author at the time of writing. However, for some typical ( simple ) 
models, approximate values of most elements in a proposed equivalent circuit can be 
obtained directly from their corresponding impedance plots and/or by the impedance 
software ( such as M398 software).
These treatments were applied in the analysis of the impedance measurements in the 
present study. It should be pointed out here that in the following EIS studies emphases 
are given in those cases where kinetic effects are not considered and the properties of 
the electrode-material system are virtually always assumed to be time-invariant. This 
assumption has been approached by a “steady-state” of the electrode system. A steady- 
state of an electrode system can be established when current flowing through the 
electrode system becomes constant or negligible while the electrode potential is 
controlled at a given potential.
The following EIS measurements were performed on sample electrodes with different 
bismuth contents in 0.5 M H2SO4 solution at 20 °C in the frequency range of 100 kHz to 
10 mHz. Different potentials were applied which corresponded to different electrode 
systems. All these experiments were performed by following a given procedure and are 
discussed below:
(i) Electrodes were immersed in the electrolyte under open-circuit potential for 1 hour 
before starting an experiment.
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Figure 4.5.4 Nyquist plots for electrodes with different bismuth additions at
Pb/PbSC>4 reversible (open-circuit) potential.
Figure 4.5.5 Bode plots for electrodes with different bismuth addition as
in Figure 4.5.4.
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The open-circuit potential corresponds to the reversible potential of Pb o  PbS04, by 
which the Pb/PbS04/H2S04 electrode system is produced (as discussed in Chapter 2 this 
is a steady-state potential and becomes a constant value after about 20 to 50 min). 
Nyquist and Bode plots are presented in Figures 4.5.4 and 4.5.5 respectively.
According to Pavlov’s model ( refer to page 24 of Chapter 2 ), only a single PbS04 layer 
forms on the electrode under the open-circuit potential. To interpret the impedance 
behaviour, a proposed equivalent circuit model is presented in Figure 4.5.6.
'd I
Rl
Xt
W
Figure 4.5.6 Equivalent circuit model of Pb/PbS04 electrode.
where Rct is the charge transfer resistance, Rl the resistance of the electrolyte, W the 
mass transport component (Warburg impedance) and Cdi the double layer capacitance.
In this case, the impedance spectra indicate the polarisation resistance Rp ( or the 
charge-transfer resistance, Rct ) and a mass transport component ( Warburg impedance,
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W ) in parallel with a double layer capacitance, Cdi, as the frequency tends to zero. R* 
can be obtained by extrapolation of the semicircle toward the real axis while the 
electrolyte resistance, Rl and Cdi can be obtained from Nyquist plots with impedance 
software M398[191]. A schematic diagram for the calculation of the elements in the 
equivalent circuit is given in Figure 4.5.7. Values of ,RL and Cdi of the equivalent 
circuit are listed in Table 4.3.
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Mathematical treatments of the impedance data are also available and are described 
below[191]:
coThe impedance modulus Z(jco) can be expressed as a function of frequency f  = —  as
2jt
follows:
Z(jco) = RL +
Rct+W
\+j<*Cdl[Rct+WY
(4.5.1)
where a  is the Warburg coefficient, W is the Warburg impedance which is given by:
W = a  co^(l - j ) (4.5.2)
The values of Rl and R^ can be determined from the high and low frequency limits of the 
measured impedance spectra, respectively:
Rl = lim |Z| (f-> oo) (4.5.3)
and
Rl + Rct = lim |Z| (f->  0 ) (4.5.4)
Figure 4.5.7 presents an electrochemical impedance profile for the above 
electrochemical system. As indicated, values of Rct, Rl and Cdi. can be obtained directly 
from this plot: at high frequencies (Eq. 4.5.3), only the uncompensated resistance
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contributes to the real portion of impedance, while at very low frequencies (Eq. 4.5.4) 
the charge transfer resistance also contributes to this measurement. Once the excitation 
waveform becomes much faster than the charge-transfer rate, the electrochemical 
impedance ( Rct ) becomes transparent, the ohmic resistance RL, on the other hand, will 
represent a constant impedance at all frequencies.
Nyquist plots of Figure 4.5.4 show that the charge-transfer resistance, Rct, decreases 
when the alloying bismuth content is increased. This indicates that the dissolution rate 
of the alloys increases when bismuth content increases. This result is in agreement with 
that of anodic polarisation measurements discussed in 4.4.1 section of this Chapter.
-Zim
K t  =  2  |Z  I t a n  § max
Figure 4.5.7 Schematic diagram for a simple electrochemical system[191]. 
Values of Rct Rl and Cdi of the equivalent circuit are listed in Table 4.3.
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Table 4.3 Parameters for electrodes with different Bi contents in 0.5 M H2SO4 at open 
potential.
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Electrode ( wt.%Bi) Rl ( f i ) Ret ( k D) Cdi ( F x  KT6)
0.002 12.5 1.424 97
0.045 9.2 1.149 153
0.059 10.3 1.062 57
0.073 8.6 1.013 196
(ii) Electrodes were controlled at + 900 mV for 3 hours before starting measurements. 
Under this condition, a passive PbSC>4 film was produced first, and then PbOx was 
formed underneath the PbS04 layer. At this point, the current had fallen to an negligibly 
low and constant level corresponding to the establishment of the Pb/PbOx/PbS04 
electrode system. The formation mechanism of this two-layer structure has been 
described by Pavlov et al.[80] and is represented as follows:
When the electrode surface is densely covered with PbS04 crystals, the size of the inter­
crystal spaces becomes commensurate with the diameter of the ions in solution. In this 
case, the pores are penetrated by ions with small ionic radii. Since HT and OH ions 
have small radii, while SO42' ions are relatively large and their diffusion into the PbS04 
layer is difficult. Thus, the access of SO42" ions into the pores is suppressed or 
eliminated, and the electro-neutralisation of the positively charged ions there is achieved 
by OH* ions, i.e., water in the pores dissociates with H+ ions migrating to the bulk of the
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solution and OH" ions remaining in the pores. The solution in the pores of PbS04 layer 
therefore becomes electroneutral at high pH and the PbS04 layer is transformed into a 
selective ionic membrane.
According to the potential/pH diagram (refer to Figure 2.2.1 of Chapter 2), when pH 
values reach the neutral or slightly alkaline region, the precipitation of PbO starts. The 
inner oxide layer ( PbOx, x=T ~ 1.7 ) has a semi-conducting property and the 
conductivity of the inner oxide layer depends on the value of x. Figure 4.5.8 shows 
Nyquist plots obtained for electrodes with different bismuth contents under this 
condition. Bode modulus and phase plots of the impedance are presented in Figures
4.5.9 and 4.5.10, respectively. This duplex structure of Pb/PbOx/PbS04 can be described 
by an equivalent circuit proposed by Macdonald[172], Babic et al.[189], and Simon et 
al.[190] which is presented in Figure 4.5.11.
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Figure 4.5.8 Nyquist plots for electrodes with different Bi contents at Pb/PbOx/PbS0 4  
potential (+ 900 mV), (a) overall plots, (b) enlarged part of (a).
Frequency (Hz)
Figure 4.5.9 Bode plots for electrode as in Figure 4.5.8, modules vs. frequency.
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Figure 4.5.10 Bode plots as in Figure 4.5.8, phase vs. frequency.
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Figure 4.5.11 Equivalent circuit model of Pb/ PbOx/PbS0 4  electrode.
where R\ and Q  represent the inner layer resistance and capacitance, respectively. R2 
represents the resistance of the outer PbSC>4 layer, while Cdi represent the capacitance at 
the double layer.
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Values of Figure 4.5.11 can be determined from the schematic diagram of Figure 4.5.12 
and were given in Table 4.4.
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Figure 4.5.12 Schematic diagram to determine element values for the equivalent 
circuit of Figure 4.5.11 [172].
Table 4.4 Parameters for Pb/PbO/PbSCU electrode system at + 0.9V in 0.5 M H2SO4.
Electrode/
wt.%Bi
Ri
n
R2 
kQ
Rl
Q
0.002 4 5 7 .2 45.88 24.6
0.045 405.0 40.16 22.8
0.059 416.6 45.30 23.5
0.073 412.4 39.64 21.4
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It can be seen that Ri is much smaller than R2, and this indicates that the contribution of 
the inner PbO layer to the electrode impedance is negligible. The resistance of the outer 
PbS04 layer, R2, is much larger due to the thickness of the layer. These data show that 
the addition of bismuth increases the conductivity of both the inner PbO layer and the 
outer PbS04 layer. The increase in conductivity may be because bismuth causes the 
development of a more porous PbS04 layer and a less dense inner PbO layer. 
Thereafter, ionic diffusion becomes easier. Because the conductivity of the electrode 
system is ionic, an increased conductivity or decreased resistance was thus observed.
The modulus obtained at lower frequencies in Figure 4.5.9 also show that the decrease 
in the polarisation resistance is connected to the increase of bismuth content. Two time 
constants have been observed in Bode phase diagram of Figure 4.5.10, which 
correspond to the outer PbS04 layer ( at lower frequencies ) and the inner PbO layer (at 
higher frequencies ), respectively, compared with Figure 4.5.5, where only one time 
constant is presented[191-192]. High values of phase angle at low frequencies indicate 
that diffusion control occurred and that the additions of bismuth have a favourable effect 
on this process [189].
(iii) Electrodes were cycled between + 500 mV and + 1600 mV for 8 hours and then 
controlled at + 1300 mV for 2 hours before starting the EIS measurements, where 
the passive film breaks down and the Pb02 layer appears.
This treatment is beneficial to the completion of a layer of Pb02 and the formation of 
the Pb/Pb02/PbS04 system. Nyquist and Bode plots ( modulus vs. frequency and phase 
vs. frequency ) for electrodes with different bismuth contents under this condition are 
shown in Figures 4.5.13 to 4.5.14.
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Figure 4.5.13 Nyquist plots for electrodes with different bismuth contents at 
+ 1300 mV (a) overall plots, (b) enlarge part of (a).
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Figure 4.5.14 Bode plots for electrodes as in Figure 4.4.4.13.
Table 4.5 Parameters of the equivalent circuit at + 1.3 V shown in Figure 4.5.13.
Electrode/ R l Ri r 2
wt.%Bi n n Q
0.002 0.26 3.4 1002.4
0.045 0.27 3.6 989.7
0.059 0.24 3.5 937.6
0.073 0.23 3.4 790.2
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The duplex structure Pb/Pb02/PbS04 system also can be described by the previous 
equivalent circuit model of Figure 4.5.11, where Ri is the inner Pb02 layer. R2 is the 
outer PbS04 layer which produced as the electrode immersed in the electrolyte. These 
values can be evaluated with reference to the schematic diagram of Figure 4.5.12 and 
are given in Table 4.5. Compared to the Pb/PbO/PbS04 electrode system, much lower 
resistance values of both the Pb02 layer and the PbS04 layer have been observed. This 
can be attributed to the high conductivity of the Pb02 and the PbS04 layer formed under 
this condition. It can be seen from data listed in Table 4.5 that there is no significant 
difference in the resistance values of electrodes with different bismuth content. A 
similar explanation to that used for the Bode plots of Figures 4.5.8 and 4.5.9 can be 
applied to the Bode plots of Figures 4.5.13 and 4.5.14. However, these much higher 
values of phase angle at lower frequencies in Figure 4.5.14 indicate that diffusion 
control applies under this condition.
(iv) After the above experiments (iii), electrode potential is shifted to more positive 
potential to + 1500 mV, where only a-Pb02 and p-Pb02 can be formed.
As discussed in Chapter 2, in the potential range > 950 mV, the Pb/Pb02/PbSCV 
(02/H20) electrode system is produced. According to the potential/pH diagram and the 
Ruetschi model ( refer to Figures 2.2.1 and 2.2.3 of Chapter 2) when the electrode 
potential is controlled at + 1500 mV only Pb02 (a-Pb02, and P-Pb02) can be formed. 
Firstly, a layer of a-Pb02 produces and then a p-Pb02 layer forms upon the a-Pb02 
layer. The capacity loop at higher frequencies corresponds to the inner a-Pb02 layer 
and the capacity loop at lower frequencies corresponds to the outer p~Pb02 layer. 
Nyquist plots are presented in Figure 4.5.15. The resistance values evaluated, according
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to Figure 4.5.12, when Ri represents the inner a-Pb02 layer and R2 the outer p-Pb02 
layer, are listed in Table 4.6.
Bode plots of Figure 4.5.16 show a typical two-time constant plot. However, it can be 
seen that phase angles of different electrodes tend to zero at lower frequencies, and this 
means that no diffusion control occurs under this condition, which is different compared 
with those previously observed in Figures 4.5.5,4.5.10 and 4.5.14.
Figure 4.5.15 Nyquist plots for electrodes with different Bi contents 
at potential o f+1500 mV).
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Figure 4.5.16 Bode plots for electrodes as in Figures 4.5.15.
Table 4.6 Parameters of the equivalent circuit at + 1.5V shown in Figure 4.5.15.
Electrode/ wt.%Bi R l Ri r 2
0.002 0.26 3.56 46.91
0.045 0.26 3.36 25.98
0.059 0.24 4.07 21.77
0.073 0.25 3.39 21.30
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(v) It is interesting to see the variation of the spectra as the electrode potential moves to 
a more positive value.
Nyquist plots in Figure 4.5.17 show the change in the ratio of Ri to R2 when the 
electrode potential moved to a more positive potential of + 1700 mV. This indicates 
that the two layer structure, i.e., the thickness and the conductivity of the individual 
layer are influenced and dependent on the electrode potential. As the potential moves 
to more positive values, the outer p-Pb02 layer becomes more conductive while that of 
the inner a-Pb02 layer remains unchanged.
The results from EIS show that on one hand bismuth additions decrease the polarization 
resistance of alloys and accelerate the dissolution of the passive layer. On the other 
hand, bismuth additions increase the conductivity of the inner oxide layer and this 
produces beneficial effects on the battery charge-discharge performance. These results 
are consistent with those of previous anodic polarisation plots and CV experiments.
The above measurements thus show that EIS is a very useful technique for investigating 
different electrochemical systems. Using theoretical models, this technique has been 
used to reveal the structure and property (particularly the conductivity) changes on 
electrode surface and specifically, to evaluate the effect of bismuth additions on the 
electrochemical behaviour.
Although the simple equivalent circuit used above generates relatively straightforward 
results, some electrochemical analysis yields more complicated plots. These 
complexities arise because the simple equivalent circuits do not fully describe the 
physical phenomena of an electrochemical system. Nevertheless, simple equivalent 
circuit models are frequently good approximations to real systems, and data can often be 
fitted to yield results of reasonable accuracy.
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Figure 4.5.17 Nyquist plots for electrodes with different Bi contents at + 1700 mV.
Frequency (Hz)
Figure 4.5.18 Bode plots for electrodes as in Figure 4.5.17.
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4 .6  Scanning Electron Spectroscopy (SEM) Examinations on 
Electrode Surface
The morphology of the PbSC>4 crystal and oxide passive films of working electrodes at 
the conditioning potential of + 900 mV (after 24 hours) was examined by SEM. Figures
4.6.1 (a) and (b) show that large PbSC>4 crystals form a porous outer layer and are 
loosely bound to the electrode surface. This brown coloured outer layer can be easily 
removed off by washing with alcohol (or water) and after the moving of the outer layer, 
a dark dense inner layer which is hard to remove can be seen in Figures 4.6.1 (c) and (d). 
These photos show that as the bismuth content is increased, the layers (both the outer 
and inner ones) appear to be more porous. This may be because the addition of bismuth 
would be favourable to the formation of larger PbSC>4 crystals and thereafter promotes 
the development of a more porous oxide layer which, however, increases the anodic 
attack of the inner alloy substrate.
SEM examinations on electrodes cycled between + 500 mV and + 1600 mV (in the 
PbS0 4  and Pb0 2  potential region) in 1.28 sp. gr. show that the grain boundaries have 
higher “activity” and are in favour of the formation of PbSC>4 crystals. As shown in 
Figure 4.6.2, comparatively larger and regular PbS0 4  crystals have been found along the 
grain boundaries and these produce a more porous PbSC>4 layer along the grain 
boundaries. As the electrode was cycled, a correspondingly larger volume changes 
occurred along the surface of the grain boundaries and in turn, intensified anodic attack 
of the inner alloy substrate along the grain boundaries could be happened. This can be 
seen clearly from Figure 4.6.3.
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(d)
Figure 4.6.1 (a) 0.002 Bi and (b) 0.073 Bi, at + 0.9V /24 hrs, (c) and (d) inner layers of 
(a) and (b) after removing the larger PbS0 4  layer ( washing with alcohol).
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(a)
(b)
Figure 4.6.2 Electrode cycled between + 0.5 and 1.5 V for 8 hrs, large, regular crystals 
were formed along the grain boundaries.
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(a)
(b)
Figure 4.6.3 Electrode cycled between + 500 mVand 1600 mV in 1.28 sp.gr. H2SO4, 
intensified corrosion attack happned along the grain boundaries: (a) SEM, (b) back 
scattering.
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The addition of bismuth could improve the mobility of the molten lead due to its lower 
melting point and could be also precipitated along the grain boundaries on cooling. 
SEM results suggest that the addition of bismuth produces a dual influence on 
electrochemical and corrosion behaviour of the lead alloy: on one hand, it promotes the 
formation of the PbS04 crystals which could resist the oxidation reaction of PbS04 to 
Pb02 since the larger the PbS04 crystals, the more difficult (or slower) the oxidation of 
the PbS04; on the other hand, it promotes the development of a more porous layer 
which causes the intensified attack of the underlying substrate.
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4.7 Effect of Bismuth on Corrosion Properties of Lead-Calcium-Tin- 
Aluminium Grid Alloys
To determine the influence of bismuth on the corrosion property, weight-loss tests were 
performed on above sample alloys in 1.28 sp.gr. H2S04 solution under a constant 
voltage of +1.3 V. This potential is similar to the value found for positive plates in 
VRLAs on float-charging. The constant anodic potential was provided by a potentiostat 
(Model 362, EG & G Princeton Applied Research). Alloys with different bismuth 
contents are the same group alloys prepared and used previously. Four rod-shaped 
specimens of each composition were used in the weight loss tests. All the specimens 
were etched in 10 wt.% nitric acid for several seconds and then polished by very light 
application of dry tissue paper before the weight loss test. The dimensions and weight 
of each sample were recorded. Constant temperature was provided by a thermostat
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controlled water bath ( JULABO, refrigerated, circulated model F10-MH, Germany). A 
basic three electrode system with a “multiple” working electrode was used[182], the 
counter electrode was a pure lead sheet and the reference electrode was a Hg/Hg2S04.
4.7.1 Normal and Accelerated Corrosion Tests
The normal corrosion tests were performed at 20 °C ± 0.5°C under a constant anodic 
potential of + 1300 mV for 5 days. The accelerated corrosion tests were performed at 
60°C ± 0.5°C for periods of 5 days and 15 days.
After each test, sample rods were removed from the test cell, washed free from acid and 
dried. The corrosion layer was dissolved in the “stripping solution” [63] in an ultrasonic 
cleaner for 1/2 h. After removal of the corrosion layer from the sample rods the 
individual weight loss was then measured by an electronic balance. The metallurgical 
structure and morphology of the anodically corroded sample surfaces were examined in 
metallographic cross-section by optical microscopy and SEM, respectively.
4.7.2 Corrosion test results
Results from the normal corrosion tests were shown in Figure 4.7.1 while the results 
from the accelerated corrosion tests were shown in Figure 4.7.2. The acceleration factor 
under the accelerated corrosion condition is assumed to be 16, based on the assumption 
generally applied to the prediction of battery service life of VRLABs, i.e. the acceleration 
factor = 24, based on the grid corrosion rate at 20 °C, the corrosion rate will be doubled 
as the temperature is increased in each 10 °C[195]. The results show that the bismuth
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additions increase the grid corrosion rate, however, the effect is not linear with bismuth 
addition. The non-linear effect of bismuth on the corrosion behaviour may be attributed 
to: (i) the dual influence of the bismuth addition as discussed in the previous subsection,
(ii) the variation on the alloy preparation condition, although the same alloying procedure 
was employed and care was taken in order to avoid any variation.
The trend of the enhanced anodic attack in alloys with the increase in the bismuth 
content can be seen and this is therefore attributed to the variation of the alloy surface 
structure as well as the more porous film developed due to bismuth addition. As shown 
in the section 4.6 of this Chapter, a more porous layer appears with higher bismuth 
content. That suggests that bismuth promotes the development of a more porous oxide 
film and, in turn, increases the anodic attack of the inner alloy substrate.
Figure 4.7.1 Results from normal corrosion test at 20 °C in 1,28 sp.gr H2SO4.
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wt.%Bi
Figure 4.7.2 Results from accelerated corrosion tests at 60 °C in 1.28 H2SO4.
The corrosion attack of these alloy samples after accelerated corrosion tests are shown 
in cross-section in the optical photomicrographs of Figures 4.7.3 (a) - (d).
No distinguishing difference on the corrosion attack of these alloy samples can been 
seen by using optical microscopy. However compared to the alloy without bismuth 
addition (0.002 wt.%Bi), more intensified corrosion attack can be observed on alloys 
with increase in bismuth content These photomicrographs show that the corrosion is 
mainly localised along the dendritic (or linear) boundaries and all these alloy samples 
present a similar corrosion pattern.
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(a) 0.002 wt.%Bi
(b) 0.045 wt.%Bi
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(c) 0.059 wt.%Bi
(d) 0.073 wt.%
Figure 4.7.3 (a)-(d) Corrosion attack of the cross-sections of the alloy rods with
different Bi content after the accelerated corrosion test.
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4.8 Effect of Bismuth on Hydrogen and Oxygen Evolution Reaction 
Rates o f Lead-Calcium-Tin-Aluminium Grid Alloys
4.8.1. Introduction
Hydrogen and oxygen evolution in lead/acid batteries take place as side reactions during 
the battery charge, resulting in water loss. The gassing properties of grid alloys are of 
particular concern in valve-regulated lead acid batteries (VRLABs). Most minor 
elements in lead alloys, whether impurities from lead or alloy additives, decrease the 
hydrogen overpotential and enhance hydrogen evolution. If such unwanted properties 
are negligible or tolerable, however, these elements can be accepted and effectively 
employed in grid alloys for other beneficial effects that they may provide, such as 
improvement in the mechanical properties, the corrosion properties and battery 
performance. Initially, bismuth was considered as a detrimental element in lead/acid 
batteries. Because of its chemical similarity to lead, the removal of bismuth from lead 
to a level of below 250 ppm is both difficult and expensive. More recent studies have, 
however, suggested that bismuth may have beneficial effects on battery performance. A 
better understanding of its effect on the gassing properties of lead/acid batteries is still 
needed.
Kilimnet and Rominyan[194] found that the kinetic constants of the hydrogen evolution 
reaction (a and b in the Tafel equation), depend on the magnitude of charge on the 
electrode surface, and the constants indicated a low rate of hydrogen gas formation. 
Rice[180] reported that bismuth reduced the oxygen evolution overpotential but 
increased hydrogen evolution overpotential on lead-bismuth alloys. The critical level is
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0.6 wt.%Bi for the former and 0.06 wt.%Bi for the latter, respectively. Papageorgiou 
and Skyllas-Kazacos [195] investigated the effects of bismuth on the hydrogen 
evolution reaction rates and correlated the effects with electrode surface morphology 
and macrostructure. From the results it was concluded that bismuth additions decreased 
the hydrogen overpotential on lead-bismuth alloys. Manders et al.[196] reported that by 
doping bismuth oxide powder in both positive and negative plates, bismuth reduced the 
build-up in gas pressure in VRLABs during constant-current charging. Lam et al.[107] 
examined the gassing characteristics of some minor elements, including bismuth, on 
pure lead, lead alloys and pasted electrodes. Data provided by these authors show that 
the hydrogen evolution rate of lead-bismuth binary alloy is lower than that of common 
lead-calcium-tin alloys and the situation in oxygen gassing rates is different. They 
pointed out that the manufacturing conditions of the lead alloy can exert a marked effect 
on the rate of hydrogen and oxygen evolution.
Bismuth effects on gassing properties have been extensively studied, but most of these 
investigations have been performed on lead bismuth binary alloys[175,181]. The aim of 
the present study is to investigate the effect of bismuth additions on hydrogen and 
oxygen evolution on a common lead-calcium-tin-aluminium grid alloy. The effect of 
thermal treatment of alloys on the hydrogen and oxygen gassing characteristics are also 
investigated.
4.8.2 Experimental
Alloys and working electrodes were prepared as described previously. Sample alloy 
rods were gravity-cast in a steel mould and cooled at room temperature. One group of
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alloy rods was annealed at 240 °C for 20 h and then cooled at room temperature. The 
other group was used without thermal treatment. All the alloy rods were stored at room 
temperature for over one month before electrode fabrication. A thick, insulated, copper 
wire was welded to one end of the alloy rod to make good electrical contact and hold the 
electrode rigidly. The method of surface treatment described previously was employed 
throughout the experiments. A three-compartment cell, separated by glass frits, was 
used. The reference electrode was a Hg/Hg2S04 (K2S04 saturated solution ) electrode 
and all potentials refer to this electrode. The counter electrode was a sheet of pure lead. 
The electrolyte was 1.28 sp.gr. H2S04 solution, prepared from 98 wt.% H2S04 
(UNIVAR A.R.) with double distilled water. The electrolyte was deaerated with high- 
purity nitrogen for 40 min before immersion of the test electrode in the solution.
Linear sweep voltammograms and step-potentiostatic measurements were performed by 
a scanning potentiostat (Model 362, EG & G Princeton Applied Research) that was 
connected with a MachLab/8 interface ( Analog Digital Instruments, AD Instruments 
Pty Ltd) to a Macintosh computer supported by Chart v3.3 software.
Hydrogen evolution rate measurements were performed after each working electrode 
was held initially at a potential of -1.3 V for 30 min. This treatment was used to reduce 
any surface oxide on the working electrode. The working electrode potential was then 
scanned from -1.3 to -1.8 V at a rate of 0.1 mV s"1. The hydrogen evolution rate was 
represented by the current recorded.
Since the oxygen evolution on the electrode surface is affected by the quantity of lead 
dioxide on the electrode surface, oxygen evolution measurements were approached in
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the following way: a step-potentiostatic procedure with gas collection was used, which 
was similar to that described by Lam et al.[107]. The difference between the two 
methods was that a “soap-bubble” method was used in the gassing measurements in the 
present experiments. This is considered to be more convenient and more accurate. A 
diagram of the cell for the gassing measurement is shown in Figure 4.8.1.
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Figure 4.8.1 Electrochemical cell for gassing measurements: A-counter electrode; 
B-working electrode; C-reference electrode; E-glass tube, and D-rubber container.
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4.8.3 Hydrogen Evolution Reaction Rate and Overpotential
(i) Hydrogen Overpotential
The kinetics of hydrogen evolution reaction can be expressed by the Tafel Equation: 
E - E eq= Tj = a + b logy (4.8.1)
where E  is the working electrode potential, Eeq is the equilibrium potential , 77 is the 
overpotential, a is the intercept at logy = 0, and b is the Tafel slop.
The logarithm of the exchange current density, log70, is determined from the intercept, 
by extrapolating the plot to 77 = 0.
The potential/pH diagram of the Pb/H20/H2S04 system shows that a H2/H+ equilibrium 
is established upon the Pb surface in H2SO4 solution:
2 H+ + 2 e’ = H2 , (4.8.2)
The Nemst equation of equation (4.8.2) can be expressed by:
o RT a \ H +) x
q W * 0  = W )  + - h i - — -  (4-8.3)
Z r  1 {LI2)
where , a(H~) is the hydrogen ion activity, P(H2) is the hydrogen pressure and cp°f7/2//T ) is
the standard potential when a(H~) is at unit activity and P(//2) is one atmosphere.
Since the equilibrium potential of H2/H+ can not be obtained experimentally, it can be
calculated theoretically from the Nemst Equation (4.8.3). The reaction of Hg/Hg2SC>4
reference electrode and the corresponding Nemst equation are given by:
Hg2S04 + 2H ++ 2 e  = 2Hg + H2S04 (4.8.4)
n RT a2(hT) „  0
cp(Hg/Hg2S 0 4) = tp \H g /H g2S 0 4) +  —  In a ^H  S Q  j  (4-8.5)
From equations (4.8.3) and (4.8.5), the equilibrium potential of H2/H , Eeq, vs 
Hg/Hg2S04 electrode, can be expressed by :
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Eeq =  <p(ifyZO - <p(ffg/Hg2SO<)
R T
= <p°(ff*ffl*) - <pXHg/Hg2S04) + —  In ?(H2S04) (4.8.6)
2  Jr
where 2l(H2S04) is the activity of the electrolyte and P(Hi) = 1 atm.
The calculated value of Eeq, by equation (4.8.6) is - 578.4 mV (vs. Hg/Hg2S04) in 1.28 
sp.gr. H2SO4 solution at the experimental temperature [197].
It should be pointed out that in addition to the hydrogen evolution reaction, lead 
becomes thermodynamically unstable at pH values less than 6. The following reactions 
also take place on the Pb electrode when it is immersed in H2SO4 solution:
Pb + S042' = PbS04 + 2 e (4.8.7)
RT
(?(Pb/Pb2+) = (p °(Pb/Pb2+)  -— In a (SO/')
I F
(4.8.8)
Pb + HSO4' = PbS04 + Hf + 2 e (4.8.9)
n RT a(H +) 
*(“ *)= <pW +> + 2 F k ia(H SO i)
(4.8.10)
It can be seen from Potential/PH diagram that the equilibrium potential of H2/H+ is more 
positive than that of Pb/PbS04 (about 0.3 V). Therefore, in this case no true equilibrium 
occurs for the hydrogen evolution reaction even on open circuit at the rest potential in 
this particular system. The rest potential is a mixed potential in which anodic and 
cathodic current are equal ( not only the H+/H2 redox reaction ). So that the hydrogen 
equilibrium potential could be a problem in electro-kinetics in such a multiple electrode 
system” for it always accompanies the equilibrium potential of process.
Pb + S042- = PbS04 + 2e ( or other reaction)
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For the consistent application of thermodynamics, the difference from the overall 
current-free potential Eo (a zero-current potential or a steady-state potential at open 
circuit) has been used frequently as the reference potential for the measurement of the 
hydrogen overpotential[106-108], rather than the Eeq calculated from Nemst Equation,
i.e.,
r ] - E - E o  (4.8.11)
Although the Tafel slopes, b, obtained with reference Eeq and Eo are the same, the 
corresponding “overpotential” values and the “exchange current density” are different 
from the values that would be obtained relative to the ture equilibrium potential for the 
H+/H2 redox couple. This should be kept in mind when comparing experimental data 
with different reference potentials ( Eeq or E o ). Although the jo calculated relative to 
zero current potential Eo is not the true jo for the hydrogen evolution reaction it is useful 
for the purpose of comparing the effect of the additive on the kinetics of the hydrogen 
reaction on the lead alloys.
In the calculations below the theoretical calculation value, Eeq, from the equation 4.8.6 
was used.
(ii) Hydrogen evolution reaction rate
The hydrogen evolution reaction rates on the non-thermally treated and thermally treated 
electrodes are presented in Figures 4.8.2 and 4.8.3, respectively. Corresponding Tafel 
plots are given in Figures 4.8.4 and 4.8.5.
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Tafel slope, b, and the exchange-current density, jo, which present the kinetics of the 
hydrogen evolution reaction are listed in Tables 4.7 and 4.8. Tafel slope values in these 
tables indicate that electrodes with different bismuth additions show the same
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mechanism of hydrogen evolution. The differences in the exchange-current density, jo, 
on different electrodes show that the electrocatalytical effect of bismuth addition on the 
hydrogen evolution reaction.
The Tafel plots exhibit two linear relationship, one at lower potentials, the other at 
higher potentials. This behaviour is consistent with the results observed by 
Papageorgiou and Skyllas-kazacos[195] and Lam et al.[107].
It can be seen that Tafel slope values are very large at region I. This may be attributed 
to the fact that under lower overpotentials, only a small quantity of H2 is reduced and is 
adsorbed on the electrode surface. The absorbed H2 cannot be readily released from the 
electrode surface due to the liquid surface tension, so the “effective active area” of the 
electrode for the H2 evolution reaction is reduced. Therefore, the increase in the H2 
evolution current as the electrode potential moves in the more negative direction is 
balanced by a decrease in the effective active surface area. Therefore, the data in region 
I does not accurately really represent the kinetics of the H2 evolution reaction. 
However, the situation is different at high overpotentials in region II, where the 
electrode surface is continuously renewed by the H2 gas which is produced vigorously 
so there is no blockage of the electrode surface. Only these data can be therefore 
applied to the kinetics of hydrogen evolution.
This phenomenon can also be explained in terms of the effect of the adsorption of 
anions on the electrode surface under different potentials. The adsorbed anions depend 
on the potential in the double layer, and they can alter the distribution of the surface 
charge, which in turn will change the surface H+ concentration and hence the reaction 
rate and the corresponding Tafel slope.
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Carr et al.[l 12] have reported that the quantity of adsorbed S042’ ions on the Pb 
electrode surface decreases at high cathodic potentials, when the potential is reduced, 
the re-adsorption of SO42' ions proceeds at a lower rate.
Comparing hydrogen evolution kinetic parameters from the two groups of alloys 
(thermally treated and non-thermally treated groups), it can be seen that the thermally 
treated process causes an increase in the hydrogen evolution overpotential and thus 
decreases the hydrogen evolution rate.
Metallurgical examination on the thermally treated electrodes has been performed and 
results were shown in Figure 4.3.2. Comparing the metallurgical structure of the two 
group alloys ( the non-thermally treated electrodes were given previously in Figure 
4.3.1), the grain boundaries of the thermally treated samples are more regular and 
columnar crystals are observed with clear crystal orientation due to the casting process.
The enhancement effect on the hydrogen evolution overpotential of the thermal treated 
alloys is therefore attributed to the variations in the alloy surface due to the annealing 
process. This indicates that “the effective active areas” for hydrogen evolution on the 
electrode surface could be reduced by the thermal treatment process. This result 
indicates that a casting and cooling (or thermal treatment) conditions could affect the 
degree of segregation of the constituent elements in the grain boundaries of the alloys 
and this, in turn, could influence the rate of hydrogen evolution. This fact was reported 
previously by Lam et al.[107].
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Figure 4.8.2 Hydrogen evolution on non-thermally treated electrodes with 
different Bi contents, sweep rate = 0.1 mVs*1, in 1.28 sp. gr. H2SO4.
Potential E vs. Hg/Hg2S04 (V)
Figure 4.8.3 Hydrogen evolution on thermally treated electrodes with 
different Bi contents, sweep rate = 0.1 mVs'1, in 1.28 sp.gr.H2SC>4.
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Figure 4.8.4 Tafel plots for hydrogen evolution on untreated electrodes.
Figure 4.8.5 Tafel plots for hydrogen evolution on thermally treated electrodes.
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Table 4.7 Tafel parameters for hydrogen evolution reaction on untreated electrodes
Electrodes 
with %Bi
Region I Region II
b (V) log(j0/Acm'2) b(V) log(j0/Acm'2)
0.002 -0.245 -7.04 -0..115 -11.75
0.045 -0.278 -6.62 -0.132 -9.95
0.059 -0.263 -6.75 -0.136 -10.24
0.073 -0.302 -6.58 0.127 -9.41
Tafel 4.8 Tafel parameters for hydrogen evolution reaction on thermally treated 
electrodes
Electrodes 
with wt.%Bi
Region I Region II
b (V) log(jo/Acm'2) b (V) logOo/Acm-2)
0.002 -0.352 -6.27 -0.129 -11-52
0.045 -0.412 -5.96 -0.132 -10.86
0.059 -0.376 -6.07 -0.126 -11.28
0.073 -0.403 -6.01 -0.136 -10.62
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4.8.4 Oxygen Evolution Reaction
When a Pb electrode is immersed in H2SO4 solution and polarised anodically in the 
Pb02 potential region the Pb/Pb02/PbS04/H2S04(H2/02) electrode system is 
established[81]. According to the potential/pH diagram[75], two redox reactions occur 
on the electrode: one is the redox of oxygen, and the other the redox of PbS04/Pb02.. 
The oxygen evolution reaction occurs at the anodic layer-solution interface and the 
oxygen evolution rate is affected by the quantity of Pb02 on the electrode surface
A “partial steady-state current” method[198], and a gas collection method[107] were 
reported for determining oxygen evolution reaction rate. In the present study, oxygen 
evolution rate has been measured by the above method and the electrochemical cell for 
the oxygen evolution measurements is presented in Figure 4.8.1.
The oxygen evolution current density, , according to Faraday’s law, is calculated
by[30]:
Jo2 (Acm ) = ------ — ------  (4.8.12)
Where Patm is atmospheric pressure, PWi is the vapour pressure at the absolute 
temperature T, F, is the Faraday constant, V is the gas volume measured by the ‘soap- 
bubble method’ in m 3, R, is the gas constant (= 8.314 J mol ]K *), t is the electrolysis 
period is (in s), A is the electrode area (in cm').
The results from the oxygen evolution measurements are given in Figure 4.8.9.
The oxygen evolution efficiency, a, is calculated by the ratio during charging,
(4.8.13)
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where Q0i = x /, is the charge in coulombs calculated from the gas volume collected
according to equation (4.8.12), Qt ( =ytotai * t ) is the total charge recorded during the 
charging process.
These data are presented in Table 4.9. The current recorded during the gassing 
measurement, j touA, is the sum of the anodic corrosion current, j corr, and the 0 2 evolution 
current, , i .Q . , j lota ~  jcorr “*■ j o 2 J S O  that j corr — j  total ~ j 0l •
Figure 4.8.10 shows j COrr vs oxygen evolution potential for each electrode.
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Figure 4.8.9 Oxygen evolution on electrodes with different Bi contents under constant 
current conditions, measured at 20 °C in 1.28 sp.gr. H2SO4
139
Chapter 4 Effects ofBismuth on the Properties of Lead-Calcium-Tin-Aluminium Grid Alloys
3 0  
20 
10 
0
1 . 5 5  1 . 6 0  1 . 6 5  1 . 7 0  1 . 7 5  1 . 8 0
□ 0.073BÎ
-  0 0.059BÎ
A 0.045Bi □ □ □
_ + 0.002BÎ n O O O
U A A A
— A + + +
§ +
-  §
+
t . 1 ____1____ ____1____ ____!____ ____1____
Potential E vs Hg/Hg2S 0 4(V)
Figure 4.8.10 Corrosion current density of electrodes with different Bi content
calculated from the oxygen evolution measurements
Table 4.9 O2 evolution efficiency (%), a, at different potentials
Electrode\ 
potential (V)
wt.%Bi
0.002 0.045 0.059 0.073
1.55 87.5 88.7 87.8 86.9
1.60 90.9 89.2 88.3 87.4
1.65 91.4 90.8 89.5 90.4
1.70 91.8 91.1 91.8 91.8
1.75 93.5 93.2 93.9 93.9
1.80 95.0 95.4 95.1 95.8
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The results of Figure 4.8.9 and Table 4.9 thus indicate that although oxygen is evolved 
at a “steady-state” ( i.e. the current reaches a constant value at a given potential ), the 
proportion of current going into gas production is low at low anodic potentials, and high 
at high anodic potentials. When the anodic potential is kept at a constant value in the 
oxygen evolution region (or under a given current density charge condition), the 
introduction of bismuth in the alloy enhances oxygen evolution and the enhancement is 
proportional to the bismuth additions. This result is in agreement with that of Manders 
et al.[198] and shows that the bismuth additions could improve the gas recombination in 
VRLABs. the corrosion measurements.
Figure 4.8.10 shows an increase in the corrosion current density as the bismuth content 
is increased. This result further supports the result from the corrosion tests i.e., the 
additions of bismuth in the lead alloy will increase the anodic corrosion of the alloy.
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4.9 Conclusions
The following conclusions can be drawn from above studies:
(I) Effects of alloying bismuth with Pb-Ca-Sn-Al alloys on the mechanical properties 
and metallurgical structure:
(i) A slight increase in hardness and tensile strength were observed. These changes can 
be attributed to the grain-refining effect of the soluble bismuth-calcium compound.
(ii) the metallurgical microstructure shows that the grain size and the grain shape is 
affected more by the casting condition than the bismuth content.
(II) Effects of alloying bismuth with Pb-Ca-Sn-Al alloys on the electrochemical 
properties, morphology and impedance:
(i) An increase in the passivating current density and an increase in the conductivity of 
the oxide passive film were found. This could produce a beneficial effect by 
suppressing the ’’passivation phenomena”, which could lead to the loss of battery life.
(ii) An increased anodic attack with increasing Bi content has been observed from cyclic 
voltammetric measurements.
(iii) Bismuth additions alter the morphology of the oxide and cause the development of 
a more conductive and porous film on the electrode surface.
(iv) Results from EIS show that on one hand bismuth additions decrease the polarisation 
resistance of electrodes and accelerate the dissolution of the passive layer which could 
be unfavourable in consideration of the corrosion resistance. On the other hand, 
bismuth additions increase the conductivity of the inner oxide layer and this could 
produce beneficial effect on the battery charge-discharge performance.
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(IH) Effects of alloying bismuth with Pb-Ca-Sn-Al alloys on corrosion properties:
(i) Increased weight losses are observed in the normal and the accelerated corrosion tests 
in the alloy with increasing bismuth content. However, the relationship between the 
enhanced corrosion effect and bismuth content is not linear. The non-linear relationship 
may be because of the dual influence of bismuth on the corrosion properties and it may 
also possible be due to the alloy preparation as discussed in this chapter. The corrosion 
occurs mainly along the grain boundaries.
(ii) . The effect of bismuth on the corrosion behaviour is suggested to be associated with: 
modification of the grain structure, variation in the kinetic barrier to the oxidation of 
PbSC>4, alteration in the morphology of PbSC>4 crystals and development of a more 
porous oxide film.
(TV) Effects of alloying bismuth with Pb-Ca-Sn-Al alloys on hydrogen and oxygen 
evolution reactions:
(i) Hydrogen evolution on a common lead-calcium-tin-aluminium alloy, both thermally 
treated and non-thermally treated, was enhanced by the bismuth additions.
(ii) The thermal treatment process used in the experiments affected the degree of 
segregation of the elements in the grain boundaries of the alloys, slightly modified the 
microstructure of the alloys, and decreased the hydrogen evolution rates.
(iii) Oxygen evolution was enhanced by the bismuth additions and the corrosion current 
density under a given charge current density is increased with the increase in the bismuth 
content.
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Chapter 5 Effects of Silver on the Properties
of Lead-Calcium-Tin-Aluminium 
Grid Alloys
5.1 Introduction
The primary properties of interest in grid alloys for lead/acid batteries are the mechanical 
strength, the corrosion resistance, the compatibility with the active materials (cohesive 
force), castability and electrochemical properties. Pb-Ca-Sn(-Al) alloys, as discussed in 
Chapter 2, due to their high H2 and O2 overpotentials, nowadays, are commercially 
employed in the new generation of valve-regulated lead/acid batteries(VRLABs). 
Although the tensile strength of cast Pb-Ca and Pb-Sb alloys are similar, the creep 
strength of cast Pb-Ca alloys is much lower than that of their antimony counterparts 
[199]. Pb-Ca alloys have a tendency for non-uniform corrosion due to preferred grain 
boundary attack. The growth of intergranular corrosion products gives rise to an 
apparent “growth” of positive grids in service. Since the creep strength is closely 
correlated to the grid growth, therefore, Pb-Ca type alloys suffer more severe positive- 
grid growth in service than Pb-Sb alloys[10].
Silver is one of the most attractive of grid alloying elements. It has been reported that 
silver addition (0.2 wt.%) increases significantly the creep resistance of the Pb-Ca-Sn 
alloys[199]. Moreover, the beneficial effects on corrosion resistance and the creep
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strength reported [55,200] can be obtained even at a comparatively low concentration of 
0.02 wt.% to 0.05 wt.%. Various mechanisms of alloying silver to Pb and Pb alloys 
have been proposed with considering electrochemical properties and microstructure.
The beneficial effects of silver addition have been attributed to
(1) dispersing the structure of the alloys and increasing the compactness of the lead 
dioxide film; forming a high-dispersion inter-metallide which causes an increase in 
the corrosion resistance of the alloy[101].
(2) lowering of the O2 overpotential at the positive electrode, therefore, reducing the 
corrosion rate under constant current overcharge conditions[196].
(3) accelerating the decomposition of the oxidising sulphate ions, thus indirectly 
preventing the formation of more PbC>2 from PbSO4[201].
Although the effect of silver on Pb and Pb-Sb alloy systems has been investigated 
extensively , very little work relating to common grids of Pb-Ca-Sn(-Al) has been 
reported. Recently, several patents claimed to employ small amounts of silver in 
commercial Pb-Ca-Sn(-Al) grids[55,200], however, to better understand its effects, both 
beneficial and detrimental aspects, further investigation is still required. The present 
study aims at elucidating systematically the effect of alloying silver on the mechanical, 
electrochemical and corrosion properties of a common Pb-Ca-Sn-Al grid alloy. To this 
end, similar experimental methods described in Chapter 4 were performed on common 
Pb-Ca-Sn-Al grid alloys with different amount of silver additions.
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5.2. P reparation s o f  Sam ple A lloys and E lectrodes
The preparation of sample alloys was similar to that described previously. A nominal 
alloy composition of Pb-0.09 wt.%Ca-0.5 wt.%Sn-0.02 wt.%Al was chosen as the base 
alloy. A weighed amount of silver (Aldrich Chem. Co. 99.99%) was added to the 
molten alloy at about 400 °C under argon atmosphere protection. Sample rods were cast 
as described previously. All sample rods were stored over four weeks for age-hardening 
before the electrode fabrication. The fabrication of working electrodes, their electrode 
surface treatment and the experimental set-up were described in Chapter 3.
5.3 C om position , M icrostructure and M echanical Properties
Alloy compositions were analysed by ICP (inductively coupled plasma spectroscopy) 
and results are listed in Table 5.1. Cross sections of sample electrodes were examined 
by an optical microscope (Leica, NMR, Japan). The metallographic microstructure of 
sample alloys with different silver contents are presented in Figure 5.3.1. When silver is 
added to Pb-Ca-Sn(-Al) alloys it may combine with tin to form Ag3Sn which then forms 
a pseudobinary eutectic with lead[101].
Typical irregular grain boundaries (somewhat like saw-tooth form boundaries) are 
observed. The irregular grain boundaries are considered to be responsible for the 
superior creep resistance and corrosion resistance of silver-containing alloys. Since the 
corrosion of alloys tends to proceed preferentially along the grain boundaries and the
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“grid-growth” is attributed to the grain boundary slip under the corrosion stress, the 
irregular grain boundaries inhibit the corrosion by preventing the grain boundary slip. 
Thereby, these alloys provide superior corrosion resistance and creep strength.
Dumbbell samples (D0 =5 mm, Lo/D0 = 4) for elongation and tensile strength 
measurements were machined from the cast rods. The tensile strength of sample alloys 
was measured on an Instron Mechanical Testing Machine (model-4302, England) and an 
average value of each sample alloy was obtained from three specimens. Vickers- 
hardness values were measured with a Micro Hardness Testing Machine (Leco M-400- 
Hl, Japan). All these results are included in Table 5.1.
It can be seen from the results in Table 5.1 that the increase in the silver content in the 
alloys results in: (a) increased hardness; (b) decreased elogation and (c) increased UTS. 
These prove the beneficial effect of the addition of silver on the mechanical properties 
of the alloy.
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(a) 0.02 wt.%Ag
(b) 0.05wt%Ag
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(  C ) 0.07wt.%Ag
Figure 5.3.1 (a)-(c) Microstructure of common Pb-Ca-Sn-Al alloys with different silver 
contents.
Table 5.1 Alloy composition and mechanical properties.
Alloy composition (wt. %)
Ca Sn A1 Ag
Vickers
HV
Elogation
%
UTS 
kgf mm'2
0.105 0.548 0.018 — 14.9 32.1 3.44
0.107 0.540 0.012 0.020 16.4 17.6 4.21
0.102 0.561 0.010 0.053 16.5 17.5 4.50
0.101 0.529 0.012 0.071 17.9 17.2 4.63
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5.4 E ffect o f  S ilver on the E lectrochem ical B ehaviour o f Pb-C a-Sn-A l 
alloy
5.4.1 Potentiodynamic Anodic Polarisation Measurements
Potentiodynamic anodic polarisation measurements were performed under similar 
conditions to those described in Chapter 4. Anodic polarisation plots for electrodes with 
different amounts of silver at 20 °C in 0.5 M H2S04 are presented in Figure 5.4.1. 
These plots provide a qualitative overview of the activating, passivating and 
transpassivating processes which correspond to the : Pb -» PbS04 and PbS04 -> Pb02 
reactions respectively. Regions A, B, C, D and E represent similar features in the 
anodic plot to those described in Chapter 4, correspondingly: Region A in Figure 5.4.1 
is the active region in which the electrode corrodes as the applied potential is made 
more positive and corresponds to Pb -> PbS04. At B further increase in the current 
density ceases with the onset of passivity. In region C the current decreases rapidly as 
the passive film forms on the specimen. Increasing in the applied potential causes the 
passive film to break down in region D, the transpassive region, corresponding to the 
reaction: PbS04 —» Pb02. With further increase in the potential in region E, 0 2 begins 
to evolve. Similar anodic polarization plots were obtained at 50 °C and the plots are 
given in Figure 5.4.2. Passive current density values at a given passive potential, Epass 
vs silver content are plotted in Figure 5.4.3 which show a clear trend that the additions 
of silver increase the stability of the passive layers.
To see the effect of silver on the anodic polarisation plots of Figure 5.4.1, plots with 
different silver additions can be compared. The stability of the passive layer is
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characterised by lower values of the passive current density. The passive current density 
deceases proportionally with the silver content. This implies that the addition of silver 
could modify the passive layer and make the layer more stable, so that a lower passive 
current density was observed. It also can be seen from these anodic plots, the Ch 
evolution region, E, shifts in the negative potential direction (about 20 mV) with the 
increase in the silver concentration in the alloy. From these results it can be concluded 
that the addition of silver decreases the 0 2 overpotential, modifies the two-layer 
structure i.e., increases the compactness of passive layer and makes it more stable. 
Since the anodic corrosion of an alloy is due to oxygen penetrating across the anodic 
oxide layer, a more compact oxide layer makes the oxygen penetration more difficult 
and better corrosion resistance of the alloy was thus obtained.
Figure 5.4.1 Anodic polarization plots for electrodes with different Ag content at 20 °C 
in 0.5 M H2SO4, sweep rate 0.1 mV s'1.
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Figure 5.4.2 As in Figure 5.4.1. at 50 °C.
Figure 5.4.3 Passive current density at a given potential of 0.8 V vs Ag content.
152
C h a p ter  5  Effects o f  S ilve r  on th e P ro p er tie s  o f  P b -C a-S n -A l G r id  A lloys
5.4.2 Cyclic Voltammetric Measurements
The structure and the composition of the anodic oxide layer on an electrode are 
determined by the electrode potential. As discussed in Chapter 2, from - 400 mV to + 
950 mV (vs. Hg/Hg2S04), the electrode system shows the following structure: Pb/PbO 
layer/PbS04 membrane/ H2S04 solution. PbS04 crystals form a membrane first and 
then a dense layer of tetragonal PbO (noted as tet-PbO) is situated between the PbS04 
sublayer and the metal. Above + 950 mV, the anodic oxide layer contains a-Pb02, p- 
Pb02 and tet-PbO.
As reported in Chapter 4, a “stabilised electrode” was obtained by cycling it to a 
constant response between the limits + 400 mV and + 1520 mV in the cyclic voltametric 
experiment. The stability of sample electrodes was examined by the maximum peak 
current values, jpmax„ of the constant response curves. The higher the jpmax value the 
poorer the anodic stability. Since Pb ions, formed as a result of the dissolution of 
PbS04 crystals, are oxidised to Pb02, according to the reaction : Pb2+ + 2 H20  Pb02 
+ 4 H+ + 2 e‘ , the peak current (oxidation peak) in the earlier cycles represents the 
oxidation of PbS04 to the a-Pb02 in the pores of the PbS04 membrane. When the a- 
Pb02 phase contacts the H2S04 solution, it dissolves due to its instability in acidic 
medium, and p-Pb02 is formed.
In the present experiment, the potential of the electrode was swept up to + 2000 mV in 
the first cycle and then cycled between + 500 mV and + 1600 mV at a sweep rate 2 
mVs'1 at 20 °C. The rate of attainment of constant response was studied by following 
changes in the peak current density values (jp) as the electrode was cycled. The peak 
current density value, j p, vs cycle number is plotted in Figure 5.4.4.
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Figure 5.4.4 Increase in Pb0 2  peak current density values (jp) vs cycle number for 
electrodes with different Ag additions. Electrodes were cycled between + 500 and 
+ 1600 mV at a rate of 2 mVs' 1 in 1.28 sp. gr. H2SO4 solution at 20 °C.
It can be seen from the maxium values of j p in Figure 5.4.4 that the additions of silver 
inhibit the oxidation of PbSC>4 (tet-PbO) to Pb0 2  and the inhibitory effect is 
proportional to the silver content. This result means that the addition of silver in the 
alloy can increase the energy barrier of the PbC>2 formation, thereby, enhancing the 
anodic corrosion resistance. This result is in agreement with those from the anodic 
polarisation measurements.
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5.5 Electrochemical Impedance Spectroscopy (EIS)
EIS was used to study the effect of silver on the surface layer(s) of an electrode under 
different conditions. Since the experimental procedure and principles were described 
already in detail in Chapter 4, only brief discussions are give here:
(i) Electrodes were immersed in the 0.5 M H2S04 electrolyte under open-circuit 
potential for 1 hour before starting the experiment. The open-circuit potential 
corresponds to the reversible potential of Pb <-» PbS04. After the electrode is in a 
stable state (a constant value was observed after a certain period), the 
Pb/PbS04/H2S04 electrode system is produced.
A proposed equivalent circuit for this electrode system is presented in Figure 4.5.6 of 
Chapter 4. Figure 5.5.1 shows three-dimension impedance plots for the equivalent 
circuit. The first two 3-D plots, Figures 5.5.1 (a) and (b), involve different viewing 
positions and different scale of the real part of the impedance, while the third plot, 
Figure 5.5.1 (c), uses the alternative of modules and phase.
(a)
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(b)
Figure 5.5.1 (a), (b) Two three-dimensional (3-D) perspective plots of an electrode at 
open potential viewed from different directions and different scale in the real part of the 
impedance, (c) 3-D plots for the electrode using modules and phase angles.
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In addition to the full response of 3-D plots, they include all three of the different 2-D 
plots which were studied in the last Chapter.
The 3-D plots are useful especially in highlighting experimental errors in EIS 
study[172]. Nevertheless, 2-D plots are more convenient and more widely used. 2-D 
plots for electrodes with different silver additions are presented in Figure 5.5.2. The 
increase in the polarisation resistance (refer to Figure 4.5.7 of Chapter 4) indicates that 
the dissolution rate of the oxide layer on alloys decreases when the silver content 
increases. This result is in agreement with that of previous anodic polarisation 
measurements and CV measurements. Low values of phase angle at low frequencies 
indicate that no diffusion control occurs under this condition.
(a)
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Figure 5.5.2 (a) Nyquist plots and (b) Bode plots for electrodes with different Ag 
additions at open-circuit potential in 0.5 M H2SO4.
(ii) Electrodes were anodically polarised at + 900 mV for 4 hours before starting the 
experiments. Under this condition, a passive PbSC>4 film was produced first, and a 
PbOx layer was formed under the PbSCU layer. A “quasi steady state” of the 
Pb/PbOx/PbSC>4 electrode system was approached after the current had fallen to a 
negligibly low and constant level. These results are presented in Figures 5.5.3 
(Nyquist plots) and 5.5.4 (Bode plots).
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Fieure 5.5.3 Nyquist plots for electrodes with different Ag contents at + 900 mV
(a) enlarged low frequency parts, (b) overall plots
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As discussed in Chapter 4, the duplex structure of the electrode system can be described 
by the equivalent circuit of Figure 4.5.11. Parameters corresponding to the equivalent 
circuit can be obtained via the simple schematic diagram of Figure 4.5.12 (or via a 
simulation program). Semicircles in Figure 5.5.3 (a) show the resistance of the inner 
layer (PbO layer) is enhanced with silver additions. This can be attributed to the 
formation of a high-dispersion inter-metallide due to alloying with silver, which 
increases the compactness of the oxide PbO film and thus causes an increase in the 
corrosion resistance of the alloy[101].
It may be inappropriate to make quantitative analysis of these equivalent circuit 
elements and interpret them directly to an electrode system since equivalent distributed 
elements, such as resistors and capacitors, have simple and ideal physical properties 
which show exact values in the equivalent circuit, while in a real electrode system these 
distributed elements depend on many parameters. Therefore, qualitative analysis seems 
to more appropriate and meaningful. It is also difficult to compare the impedance 
values obtained from different group sample alloys even using the same equivalent 
circuit model under a similar experimental procedure. Different alloying procedures 
such as different cooling rates employed in the manufacturing procedure will promote 
different metallurgical structure. Therefore, the microstructure of an alloy is not 
dependent only on its composition but is also sensitive to the alloying/casting procedure 
which will have a strong influence on the impedance spectra.
In the present study, consideration was given only to the same group alloys, which had 
nominally identical alloying and casting conditions. Analysis of the impedance data 
obtained above shows a clear trend of increasing corrosion resistance with the increase
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in silver content. Although quantitative studies on these impedance data were avoided, 
qualitative analysis of the above plots via equivalent circuits and corresponding 
schematic diagrams confirms the results obtained from the anodic potentiodynamic 
polarization measurements and CV measurements.
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5.6 Scanning Electron Spectroscopy (SEM) Examinations
The morphology of the PbS04 crystals and the oxide layers produced on working 
electrode surface under different conditions were examined by SEM. These 
examinations were performed as following:
(i) Figure 5.6.1 shows that electrodes were under open-circuit potential for 24 hours in 
1.28 sp.gr. H2SO4 solution.
(ii) Figure 5.6.2 ahows that electrodes were anodically polarised at + 900 mV (vs 
Hg/Hg2S04) for 8 hours.
(iii) Figure 5.6.3 shows that electrodes were cycled between + 500 mV and +1500 mV 
for 8 hours.
From Figure 5.6.1 it can be seen that electrodes with different silver contents under 
condition (i) show similar morpgology and rang of crystal sizes. Arrows in these photos 
indicate that larger crastals are formed preferly along grain boundaries.
Figure 5.6.2 shows that some differences in crystal sizes and morphology between the 
electrode with different silver additions under condition (ii).
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(a) 0.02 wt.%Ag
(b) 0.05 wt.%Ag
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Figure 5.6.1
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(c) 0.07wt.%Ag
(a) - (c) SEM of electrodes with different Ag contents at open-circuit 
potential in 1.28 sp.gr. H2SO4 for 24 hours.
(a) 0.02 wt.%Ag
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(b) 0.05 Wt.%Ag
(c) 0.07 wt.%Ag
Figure 5.6.2 (a) - (c) SEM of electrodes with different Ag contents at + 900 mV 
in 1.28 sp.gr.H2S0 4  for 8 hours.
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(a) Pb-Ca-Sn-Al alloy
(b) Pb-Ca-Sn-Al + 0.07 wt.%Ag
Figure 5.6.3 SEM of electrodes (a) without Ag and (b) with 0.07 wt. %Ag, these 
electrodes were cycled between + 500 and + 1500 mV for 8 hours in 1.28 sp.gr. H2SO4 
at a sweep rate of 2 mV s'1.
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A denser oxide layer on the electrode with the highest silver content under condition 
(iü) seen from Figure 5.6.3. To show the difference, a comparision is given
between the the electrode with no-Ag addition electrode and the electrode with 0.07 
wt.%Ag in Figure 5.6.3 (a) and (b), respectively. This also shows that the inhabitive 
effect of silver on the formation of Pb02 from PbS04.
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5.7 Corrosion Tests
Accelerated corrosion tests were performed on a multiple sample electrode cell in 1.28 
sp. gr. H2SO4 solution at + 60 °C for 5 days. The anodic potential was controlled at + 
1300 mV. This was simulating the VRLABs under float-service condition. After the 
test, the weight-loss data were obtained in the same way as described in Chapter 4. 
Each data point obtained was an average of three specimens and the results are 
presented in Figure 5.7.1.
The acceleration factor under the test condition is assumed to be 16, based on the 
assumption generally applied to the prediction of battery service life of VRLABs (refer 
to Chapter 4). The weight-loss data show that the addition of silver can improve the 
corrosion resistance of the alloy even at a very low content (0.02 wt.%). The weight 
loss reduces to almost half of its original value when silver content reaches 0.07 wt.%. 
However, the decrease in the weight loss is only about 10% when the silver content 
increases from 0.02 to 0.05 wt.%. The result shows that the increase in corrosion 
resistance is proportional to the silver content.
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Figure 5.7.1 Results from accelerated corrosion test at 60 °C in 1.28 H2SO4 for 5 days.
The cross section of these sample alloys after the accelerated corrosion test were 
examined by an optical microscope. Results are presented in Figure 5.7.2. Anodic 
attack in alloys can be seen, however, the corrosion attack is reduced with the increase 
in silver content. The cross-section in Figure 5.7.2 (d) ( with a silver content of 0.07 
wt.%) shows almost no corrosion.
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(a) Pb-Ca-Sn-Al alloy
(b) Pb-Ca-Sn-Al + 0.02 wt. %Ag
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(c) Pb-Ca-Sn-Al + 0.05 wt.%Ag
(d) Pb-Ca-Sn-Al + 0.07 wt.%Ag
Figure 5.7.2 (a) - (d) Cross section of electrodes with different Ag contents after 
accelerated corrosion test in 1.28 sp.gr. H2SO4 at 60 °C for 5 days.
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5.8 H ydrogen  E volution  R eaction  R ate and O verpotential
Since detailed descriptions of the hydrogen and oxygen evolution reactions have been 
given in the last Chapter, only brief discussion is given in the following two sections. 
The rate of the hydrogen evolution reaction on different electrodes was measured by 
slow linear sweep experiments (sweep rate O.lmV/s in 1.28 sp.gr. H2S04 solution) and 
the results are presented in Figure 5.8.1. The corresponding Tafel plots are shown in 
Figure 5.8.2. The Tafel relationship is:
E - E eq = rj = a + b logy (5.8.1)
where E  is the working electrode potential versus Hg/Hg2S04 reference electrode, Eeq is 
the theoretically calculated equilibrium potential, 77 is the overpotential, a the intercept 
at logy = 0, and b the Tafel slope.
The logarithm of the exchange current density, log jo , is determined from intercept, by 
extrapolating the plot to 77 = 0. The Tafel slope, b, and the exchange-current density, jo, 
representing the kinetics of the hydrogen evolution reaction, are calculated from plots in 
Figure 5.8.2 and are listed in Table 5.2.
The Tafel slopes present two different linear regions, region I at low overpotentials and 
region II at high overpotentials. This may be because under lower overpotentials, only a 
small quantity of H2 was reduced and adsorbed on the electrode surface where it is held 
by the surface tension. The effective active surface area for the H2 evolution reaction on 
the electrode surface is therefore reduced. The increase in the H2 evolution current as 
the electrode potential moves in the more negative direction is balanced by the decrease 
of the effective active area. It follows that the data in region I cannot represent the
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kinetics of the H2 evolution reaction. However, the situation is different at high 
overpotentials (region II), where the electrode surface is continuously refreshed by the 
H2 gas which is produced vigorously. Both data sets are presented in Table 5.2. Similar 
phenomena have been described in Chapter 4.
The Tafel slope values in Table 5.2 indicate that electrodes with different Ag additions 
show the same mechanism of hydrogen evolution. Since the differences in the 
exchange-current density, j 0, of different electrode are small, it is difficult to define 
exactly the effect of different Ag additions on the hydrogen evolution reaction. In order 
to confirm the effect of silver on hydrogen overpotentials further measurements were 
performed under “steady-state conditions” at constant current densities of 1.6 mA cm'2 
and 4.8 mA cm'2, and the results are plotted in Figure 5.8.3. These results clearly show 
a trend of increase in the hydrogen overpotential with silver addition. The effect on the 
hydrogen overpotential is attributed to the variations in the alloy microstructure due to 
the addition of Ag. This indicates that “the effective active area” of hydrogen evolution 
on the electrode surface could be decreased, or the “absorption of anions” on the 
electrode surface could be changed, which may alter the electrocatalytic properties of 
the electrode surface and affect the hydrogen-to-metal bonding energy, thus, influences 
the rate of hydrogen evolution.
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Figure 5.8.1 FF evolution reaction rates on electrodes with different Ag contents, 
sweep rate = 0.1 mV s'1 in 1.28 sp.gr. H2S04.
Figure 5.8.2 Tafel plots for H2 evolution on electrodes with different Ag contents.
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Figure 5.8.3 H2 overpotentials on electrodes with different amount of Ag under constant 
current conditions: (i)y'= 1.6 mA cm'2 and (ii) j  = 4.8 mA cm*2, at 20 °C in 
1.28 sp.gr.H2S04, rj = E - E eq.
Table 5.2 Tafel parameter values for H2 evolution reaction.
Electrodes 
with wt.% Ag
Region I
b (V) log(//Acm'2)
Region II
b (V) log(//Acm'2)
0 - 0.262 -6.1 A -0.142 -8.94
0.02 - 0.292 -6.24 -0.178 -7.78
0.05 - 0.245 -6.40 -0.165 -8.42
0.07 -0.260 -6.45 - 0. 170 -8.68
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5.9 Oxygen Evolution Reaction Rates
The same gas collection method described in Chapter 4 has been used in the present 
study. The results are presented in Figure 5.9.1.
These results show that Ag enhances the oxygen evolution and the enhancement is 
proportional to the Ag content. The oxygen evolution efficiency, a, is calculated by the 
ratio during charging,
° = Q o J Q t  (5.9.1)
where Q0i = j 0i x t, is the charge in coulombs calculated from the gas volume collected
according to equation (4.7.12), Qt is the total charge in coulombs recorded during the 
charging process.
These data are presented in Table 5.3 These results show that although the oxygen is 
evolved at a “steady-state” (i.e. the current reaches a constant value at a given potential), 
the proportion of current going into gas production is low at low anodic potentials, and 
high at high anodic potentials. It is known that the current density recorded during the 
gassing measurement, j totai, is the sum of the anodic corrosion current density, j COrr, and 
the 0 2 evolution current density, j 0i, i.z., jtotai = jeon + j 0l, so that o = jQi / ( j0l +jcorr)-
The results in Figure 5.9.2 and Table 5.3 thus indicate when the anodic potential is kept 
at a constant value in the oxygen evolution region, the introduction of silver in the alloy 
accelerates the oxygen evolution, but the opposite effect is observed for the anodic 
corrosion of the alloy. In other words, under a given current density charge condition, 
the anodic corrosion current density, j COrr, will be lower on the electrode with silver 
addition than that of an electrode without silver. Thus high corrosion resistance alloys
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can be obtained with silver additions. This result is consistent with the results from 
anodic polarisation and cyclic voltammetric measurements.
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Table 5.3 0 2 evolution efficient (%) of electrodes with differentat silver addition 
at different potentials
Potentials vs 
Hg/Hg2S04 (V) 0 0.02
wt. %Ag
0.05 0.07
1.55 85.5 88.6 91.0 93.0
1.60 86.7 91.0 92.5 94.5
1.65 89.5 92.6 94.2 95.3
1.70 91.2 93.9 95.1 96.4
1.75 93.5 95.4 96.2 96.7
1.80 95.3 96.3 96.9 97.4
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Figure 5.9.1 O2 evolution on electrodes with different Ag contents 
in 1.28 sp.gr. H2S04 at 20 °C.
Potential E vs Hg/Hg2S 0 4(V)
Figure 5.9.2 Corrosion current density of electrodes with different Ag content.
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5.10 Conclusion
The effect of silver on the mechanical, electrochemical and corrosion properties of a 
common Pb-Ca-Sn-Al grid alloy has been investigated by different methods. Conclusions 
can be drawn from above studies:
(I) The additions of silver in the composition range studied caused an improvement in 
mechanical properties. Metallographic examinations on the cross sections of the alloys 
show the presence of saw-tooth grain boundaries, which are considered to be responsible 
for the improved mechanical strength and corrosion resistance.
(II) From anodic potential dynamic measurements the passive current density is 
decreased as the silver content is increased. This is attributed to the enhancement effect 
of silver on the stability of the passive oxide film.
(HI) Cyclic voltammetric measurements show that silver inhibits the oxidation of PbS04 
(tet-PbO) to PbC>2 and the inhibitory effect is proportional to the silver content. The 
results suggest that the addition of silver to the alloys could vary the energy barrier of the 
Pb02 formation, thereby enhancing the anodic corrosion stability.
(IV) From electrochemical impedance spectroscopy and scanning electron microscopy, 
an influence of the addition of silver on both the kinetic of anodic reaction and the 
structure of the oxide layers has been shown. In all cases, the electrode impedance
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reveals that the addition of silver inhibits the reactions of Pb to PbS04 and PbS04 to 
Pb02.
(V) The beneficial effect of silver on the corrosion property of alloy has been further 
confirmed by the accelerated corrosion test. These test results show that the increase in 
corrosion resistance is proportional to silver content but not linear. The effect was 
greatest at a silver content of 0.07 wt.%.
(VI) SEM examinations show that the effect of silver on the morphology of crystals and 
oxide layers depends on the experimental conditions i.e., depends on the electrode 
potential applied and time. A higher content of silver produces a more dense oxide layer 
which could enhance the corrosion resistance of the alloy.
(VII) Gassing properties show that addition of silver in common Pb-Ca-Sn-Al alloys 
decreases hydrogen evolution rates and increases hydrogen overpotentials while it 
enhances the oxygen evolution rates and decreases oxygen overpotentials. These could 
provide beneficial effects from the view point of gas recombination in VRLA batteries.
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Chapter 6 Investigations of Grid Alloys
in VRLA Batteries
6.1 Introduction
The most direct way to evaluate grid alloys is to fabricate sample batteries with these 
grids and test these batteries under standard battery testing conditions. After the test, the 
batteries are disassembled and then the properties of the grids can be analysed. In the 
present study, however, this method was limited because suitable facilities were not 
available in the author’s laboratory and it was not possible to obtain access to the batteiy 
manufacturer’s facilities.
Some preliminary work on sample battery fabrication and testing was performed in the 
workshop of a battery manufacturer, in China. The results of the analysis of grid alloys 
in these sample batteries after testing are presented in this Chapter. It should be pointed 
out here that the aim of this study is to investigate grid alloys in VRLA batteries under 
industrial standard test conditions rather than to investigate the battery manufacture/ 
fabrication techniques employed.
180
Chapter 6 Investigation of Grid Alloys in VRLA Batteries
6.2 Brief Description of the Fabrication of Sample VRLA Batteries
The manufacturing techniques of VRLA batteries used in this study were developed from
the methods normally applied in automotive battery manufacture ( flooded electrolyte ).
The major differences from the traditional manufacturing techniques are list here:
(1) Grid alloy: Grid alloys of Pb-Ca-Sn-Al were employed instead of the Pb-Sb grid 
alloy.
(2) Separators: Absorptive glass-microfibre separators (AGM) were used instead of the 
PE or other types of separators. The AGM is usually saturated with electrolyte to 
between 90 and 95 % of its maximum volume while the remaining volume allows the 
passage of gas so that recombination can occur ( see Chapter 2 ).
(3) Limited volume of electrolyte: 1.28 sp.gr H2SO4 was used and the amount of the 
electrolyte was controlled in a ratio about 12 ml per Ah.
(4) The positive-to negative stoichiometric ratio of active mass was kept close to 
unity. This was considered to be in favour of the gas recombination.
(5) Compression: Cells (plates) were inserted into the case under compression, the 
compressive ratio of AGM ( i.e. the ratio of the total separator (AGM) thickness, 
with compression/without compression ) was controlled about 1:1.25. The 
compression ( between the plates and the separators within a cell) is necessary for 
obtaining a good battery performance (the battery capacity and the cycle life).
(6) Rubber valves: a venting device was provided by a rubber valve. The valve-opening 
pressure was in the range 7 ~ 10 Kpa.
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Other techniques used were similar to those used in the normal automotive battery 
manufacture. Positive and negative paste formulas are listed in Table 6.1.
Table 6.1 Paste formulas
Ingredient Positive Negative
Lead oxide (kg) 50 50
Water (ml) 5.5 6.75
H2S04 1.25 sp.gr. (ml) 3.5 2.75
Short Fibre (g) 0.04-0.05 wt% 0.04-0.05 wt.%
Positive additive (g) 0.005 wt.% —
Barium sulphate (g) ~ 300
Carbon black (g) —  . 350
Density (g cm'3) 4.0 ±0.1 4.1 ±0.1
Grids were cast manually with dimensions of 120 mm (high) x 150 mm (wide) x 1.85 
mm (thick) for the positive grids and dimensions of 120 mm (high) x 150 mm (wide) x 
1.60 mm (thick ) for the negative grids. Plates were pasted manually with a PVC paddle 
and then compacted by passing through a two-roller compression device. The plate 
curing was performed under high humidity (> 95%RH) and low temperature ( < 50 °C). 
The plate formation was carried out by the tank formation under a multiple-step 
formation schedule. A flow sheet of the lead/acid battery manufacture is presented 
below:
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Figure 6 .1 Flow sheet of lead /acid battery manufacture
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6.3 Cycle Life Test under Industrial Standard
The battery-cycling test was carried out in a battery manufacturing company ( Hua-Au 
Battery Co. Ltd. Pty., China ). A group of three batteries (VRLABs) each with a 
nominal capacity of 40 Ah/12V, fabricated by the method described above, were chosen 
for testing. These sample batteries, maintained at room temperature, were automatically 
cycling in a galvanostatic method. The battery voltages were continuously monitored on 
a x-t recorder during the test.
The method used for the cycle test is presented below:
1. Battery Capacity 
Number of cells
2. Test Unit 
Charge Capacity: 
Discharge Capacity 
Resolution
40 Ah at C20 12 V
6
100 Amps 
200 Amps 
-0.02 A
3. Test Sequence (a) 1 x  C 2o (2A)
(b) 3 x C5 (8A)
(c) Cycled at C5 to 100% DOD
4. Recharge 107-110% of the discharged capacity*
* Limiting to 2.35 vpc i.e. 2.35 x 6 = 14.1 (V), while the cut-off voltage for discharging 
is 1.75 x 6 = 10.5 (V). The discharge capacity C = I /, where I is a constant discharge 
current, t is the discharge time defined as the time to reach the cut-off voltage. C20 and 
C5 are the 20-hour and the 5-hour capacities, respectively.
Results from cycle life test are presented here:
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0  2 0  4 0  6 0  8 0  1 0 0  1 2 0
Cycle number
Figure 6.3.1 Cycle test on three sample batteries, the first cycle was at C2o rate, then C5 
rate was applied.
It can be seen that these batteries started off very well, went up to 115 % of C5 during 
10 to 15 cycles. The capacities of two batteries (A and B) were maintained up to about 
60 cycles before they started to decrease and reached the cut-off voltage after 11 0  
cycles. While the third one (battery C) started to decease about 40 cycles and presented 
a maximum life only about 78 cycles. After test, the batteries were disassembled and the 
reasons for the failure were analysed.
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6.4 Analysis of Grids after Cycle life test
The failed batteries were disassembled after testing, cells were removed from the battery 
container and the cause(s) for the failure was analysed. Figures 6.4.1 to 6.4.7 show the 
appearance of the battery, positive plates ( with and without intensified growth), positive 
grids after the active mass was stripped off and the negative plate.
Remarkable positive plate growth was observed for the failed battery C, and severe 
corrosion in some of the positive plates for all these three batteries was also observed. 
The active mass, however, was comparatively in good contaction with grids for the 
positive plates. All of the negative plates appeared in good condition. Therefore neither 
positive-mass loss nor negative plates were considered to be the cause for the failure. 
The failure of the battery was attributed to positive grid growth and corrosion.
Microstructure of the cross section of the failed grids was examined by SEM (Figure 
6.4.8). SEM examination shows the typical two layer structure of the grid alloy. The 
composition of the two layer structure was analysed by EPMA scanning the cross section 
of the grid from the failed battery C. Results from EPMA (Figure 6.4.9) show that only 
a very low concentration of sulphur is detected. This indicates that there is no sulphate 
layer on the grid/positive-mass interface and proves that the decline of the battery 
capacity definitely is not from the so called “sulphate barrier layer”.
On the other hand, the EPMA result also proves a two layer structure on the failed grid 
surface. The inner oxide layer (close to the metal) has a stoichiometric composition 
PbOx (x~l) while the outer layer with a stoichiometric compositon of PbOx ( 1.4 < x < 
1.7). This is in agreement with the results discussed in Chapter 2.
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Although most part of the positive active mass were in good connection with grids as 
shown in Figure 6.4.4, SEM of Figure 6.4.8 shows a different situation: some small holes 
and cracks were found in the two layers of the failed grid. A loose layer structure with 
massive small holes distributed along the outer layer of the failed grid can be observed. 
Some cracks were found along the grain boundaries which were attributed to an 
intensified corrosion attack happened along the gain boundaries, and more cracks were 
formed in the outer layer. These small holes were produced from the grid corrosion and 
the cracks are formed under stress (due to the changes of the active mass volume during 
charge-discharge cycles). These samll holes and cracks prevent the active mass from 
contacting the grids and may eventually cut off the current (flowing to and from the 
active mass). This will insulate the grid and lead to the failure of the battery.
The microstructure of the positive grids was examined by optical microscopy. The 
results are presented in Figures 6.4.10 to 6.4.12. The micrograph of an interior wire 
member (along the horizontal direction) of the positive grid from the battery C after 
failure shows a much finer grain structure (Figure 6.4.10) compared with the grain 
structure from the other battery (Figure 6.4.11) and the grain structure from a new grid 
with alloying elements under better control (Figure 6.4.12).
The cause for the grid growth comes from grain boundary slip under stress, as discussed 
in the previous Chapter. The fine grain structure could enhance such grain boundary slip 
and, thus, such the fine grain structure was responsible for the intensified positive grid 
growth. The fine grain structure was attributed to a comparatively high calcium content 
(about 0.112 wt% as detected) in the alloy, which was introduced by the addition of
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125% of the required calcium content during the grid manufacturing. The extra amount 
of calcium ( about 25 /o more than required ) was used originally to compensate for the 
calcium loss during grid casting, However, due to the addition of aluminium into the 
alloy, the calcium loss was avoided and therefore the excessive calcium was kept in the 
alloy. The reqired composition of the positive grid alloy is Pb-0.09Ca-0.5Sn-0.02Al.
Another cause for the fine grain size was attributed to the addition of sodium (0.05 wt.% 
sodium was added into the alloy for battery C). Sodium was reported to be one of 
alloying additives[202], which could refine grain and improve mechanical strength, such 
as hardness and tensile strength, and also enhanced casting performance. However, 
sodium has a low melting point (97.8 °C), and although it could not form nuclei, it could 
dissolve in the molten lead. The lattice of parameter of lead could be increased (or 
disturbed) when sodium is incorporated in the solid lead; thus a refined grain structure 
could be obtained. The dissolved sodium is prone to segregate at the grain boundaries. 
The enrichment of such a soft and ductile element at the grain boundaries could enhance 
the grain movement under stress ( which comes from the the volume change of the 
active-mass during the charge-discharge cycles ) and thereafter give a poorer creep 
resistance.
Further experimentation showed that sodium is able to precipitate from the grids into the 
solution under an anodic polarisation condition. This can increase the grid corrosion rate 
and also accelerate grid growth during battery service. Therefore, sodium could be 
considered as an undesirable element for grid alloys.
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Figure 6.4.1 Appearance of the sample VRLA battery (40Ah/12V).
Figure 6.4.2 The case of one sample battery (after cycle test) with one cell in it after 
disassembly.
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National
Figure 6.4.3 Positive plate after the cycle test without obvious growth, white parts on 
the plats are the parts of the separators (AGM) adhered to the plate.
Figure 6.4.4 Positive plate after the cycle test with intensified growth.
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Figure 6.4.5 Positive grid from the plate in Figure 6.4.3, after the active mass was taken 
off.
2 3 5 6 3 9
Figure 6.4.6 Positive grid from the plate in Figure 6.4.4, after the active mass was taken 
off. Intensified growth can be observed.
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Figure 6.4.7 Negative plate in good condition after the cycle test.
Figure 6.4.8 SEM on the cross section of a positive grid from the failed battery C,
A - grid, B - inner corrosion layer, C - outer corrosion layer, D - active mass.
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Figure 6.4.9 EPMA examination on the cross section of the grid from the failed 
battery C.
1
”  I r l r! 
- ^ ( ) !
Outer layer, PbO x , 1<X< .7
^  — — l1  ■ ■— ▲ 1 ■ ■  ■  i
A 4 i
■
A i► ► ► ► ► ► ► ►■
A
“ ■  0 *
,  wF * 0)
«MOK-1 * *  . *1 *  , *  1 *  .* *1 *  5
urn
Figure 6.4.10 Optical photomicrograph showing the micro structure of 
the positive grid in Figure 6.4.5.
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Figure 6.4.11 Optical photomicrograph showing the micro structure of the positive grid 
in Figure 6.4.6(with intensified growth).
Figure 6.4.12. Optical photomicrograph of the cross section of an interior wire member 
of a grid before pasting.
194
Chapter 6 Investigation o f Grid Alloys in VRLA Batteries
6.5 Conclusion
Analysis of the causes for the failure of the batteries shows that the failure came from 
positive grid growth and corrosion. Calcium acts as a grid hardening agent and is used 
to allow handling of the grid during plate processing. A lower calcium content gives 
slower grid hardening and the resulting soft grids are unfavourable for plate processing. 
A sufficiently high calcium content, however, produces severe positive grid growth and 
corrosion. Therefore calcium content controlled at a moderately low content (0.06 ~ 
0.07 wt.%) will help to keep both grid growth and corrosion rates at lower levels. 
Addition of sodium refines the grain size and improves the tensile strength and hardness 
of the alloy, but sodium-containing grids display an intensified grid growth and 
unsatisfactory corrosion resistance. A level of aluminium of over 0.015 wt.% is 
sufficient for preventing calcium loss from the pot during casting.
The above analysis shows that the grid design (further more the battery design ) is very 
important for a battery’s service life. Various parameters should be considered, for 
example, if the grid growth is the main cause for the battery failure, an alloy of improved 
creep resistance should be used (such as the high corrosion resistant silver-containing 
alloy) and the dimension of the grid or the case should be redesigned to provide more 
space for the growth. In practice, from the view of battery manufacture, how to control 
precisely the required element contents and casting conditions ( such as mould design, 
the temperature of the pot and the mould, the speed of the cast) during the grid-casting 
are of greater concern than the choice of alloy.
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7.1 In trodu ction
The basic requirements for a grid alloy used in lead/acid batteries are: low cost of the 
alloy, low cost of the manufacturing, high mechanical strength and high corrosion 
resistance. In addition to these, alloys with other superior properties, such as light 
weight, high creep strength and improved electrochemical properties, are receiving 
increased attention, especially for batteries required for electric vehicles (EVs).
New manufacturing techniques in the production of grid alloys, such as rapid 
solidification (RS) and mechanical alloying (MA) have been recently proposed 
[203,204]. With these new techniques, elements normally having only a narrow range 
of miscibility in the liquid state can therefore be made to form “super-alloys”. 
Compared to lead, aluminium has three distinguishing advantages: light weight, good 
conductivity and good mechanical strength[205]. A novel Pb-4wt.%Al alloy (Pb-4A1) 
system, proposed by the International Lead Zinc Research Organisation (ILZRO) as a 
model system, was produced by rapid solidification[204]. The theoretical density of the 
Pb-4A1 alloy is reported to be about 11.3% less than that of lead, the resistance 
measured is 19.5 pQ-cm compared to 23.8-24.6 pH-cm for the Pb-Ca or Pb-Sb alloys 
and the creep strength is significantly higher than that of the conventional lead alloys. 
The rapid solidification method, however, requires extremely high temperature ( near to 
the boiling point of lead) to attain a single liquid condition. It is, therefore, not 
convenient and not economical for battery manufacturing.
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The aim of the present study is to synthesise a typical Pb-4wt.%Al alloy by mechanical 
alloying, and then investigate its mechanical and electrochemical properties. In order to 
study the aluminium effect and make a comparison between the MA method and the 
conventional casting (melting), a ternary alloy with a similar high aluminium content of 
Pb-Al-Sn system was prepared by casting. The high aluminium content of the ternary 
alloy was obtained by incorporating tin as tin has good solubility to both lead and 
aluminium[26].
The lead-aluminium system is a typical immiscible system, having a very narrow 
solubility of aluminium in molten lead[21]. Figures 7.1.1 and 7.1.2 show the Pb-Al 
binary phase diagram and Pb-Al-Sn ternary phase diagram, respectively. In lead/acid 
battery manufacturing, only a small quantity of aluminium (0.01 to 0.03 wt.%) has been 
used in normal lead-calcium grids to prevent calcium oxidation.
In the present study, attempts have been made to increase the aluminium content in lead 
by (i) the Mechanical Alloying (MA) method and (ii) introducing tin as a third alloying 
element to produce a Pb-Al-Sn ternary alloy. A typical high aluminium content lead 
alloy (Pb-4A1) prepared by the MA method has shown some distinct properties. The 
mechanical properties and microstructures of the alloy were examined. The 
electrochemical properties of sample electrodes in sulphuric acid solution were 
investigated by potentiodynamic measurement and cyclic voltammetry (CV). The 
impedance of the sample electrodes at different potentials was measured by a.c. 
impedance method. The morphology of the electrode surface was examined by SEM. 
The potential application for a new lead/acid battery alloy is also discussed.
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Figure 7.1.1 Pb-Al binary phase diagram[21].
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Figure 7.1.2 Pb-Sn-Al ternary phase diagram[26]
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7.2. P reparation  o f Pb-4A1 and Pb-Sn-A l alloys
The MA method employing high energy ball milling as the main technique has been 
widely used to synthesise various materials. Many difficult-to-produce and unusual 
materials can be synthesised conveniently and economically because remarkable 
reactions can be introduced by mechano-chemistry[206]. A magnetic field controlled 
ball-mill (UNI-BALL-MELL n, ANUTECH, Pty Ltd, Australia) which gives controlled 
mill kinetics, was used for the alloy syntheses. A diagram of the ball-milling is 
presented in Figure 7.2.1. The mill chamber (stainless steel 316) has a diameter of 200 
mm ID, 28 mm depth, and is filled with 4x 25 mm ferromagnetic steel balls. The 
powder mixture with composition Pb-4wt.%Al (Pb 99.99%, A1 powder 99.95%, Aldrich 
Chem. Co.) was sealed in the mill chamber and then filled with high purity argon. The 
powder, after milling for 20 hr, was compressed in a steel mould and then the alloy 
samples were sintered at different temperatures under argon for 10 hr, respectively. The 
end alloy was then rolled to a strip (the cross section was about 10 mm x 2 mm) by a 
rolling mill ( RM FC-1-10, Rolling Mill Equipment Ltd. UK). The alloy strip was used 
in the fabrication of the test electrode.
The lead-aluminium binary phase diagram shows that the Pb-Al system is a typical 
immiscible system, with a very narrow solubility of aluminium in molten lead. A high 
aluminium content in lead is obtained by the introduction of tin. Aluminium and tin 
were added in the molten lead via a 50wt.%Al-50wt.%Sn master alloy. The alloy liquid 
was then kept at 700 °C for 20 hr under argon. Sample alloy bars, with a diameter of 6 
mm, were cast in a steel mould and cooled in ice water. The sample bars were rolled by 
the rolling mill into strip form. All the strips were stored over four weeks before
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experiments. The alloy analysed by ICP (inductively complied plasma spectroscopy) 
had a composition of the ternary alloy, Pb-3.207wt.%Al-2.434wt.%Sn. The preparation 
of the sample electrodes, the electrochemical measurements and the equipment used in 
the experiment, have been previously described in Chapter 2.
Shear mode
Figure 7.2.1 diagram of the ball-milling
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7.3 M icrostructures and Vickers H ardness
The microstracture of the cross section of the sample alloys was examined by optical 
microscopy. The microstracture of the Pb-4A1 alloy is presented in Figure 7.3.1 which 
shows a grain orientation in the rolling direction. Figure 7.3.2 shows a fine grain 
structure for the Pb-3.2wt.%Al-2.4 wt.%Sn cast alloy, which is attributable to the 
nucleating effect of the high aluminium addition. Vickers hardness values (HV) were 
measured across the cross sections of the samples with a Micro Hardness Testing 
Machine (Leco M-400H1). Average HV values of 18.4 for the Pb-4A1 and 11.2 for the 
Pb-3.2Al-2.4Sn were obtained. Although the HV value of the Pb-4A1 alloy is not as 
high as expected, it shows a distinct increase compared with pure lead and the Pb-Sn-Al 
alloy. It was found that the mechanical properties of the Pb-4A1 alloy depended on the 
MA process and were influenced by the thermal treatment.
The microstracture of the Pb-4A1 alloy formed under different milling conditions was 
also examined by transmission electron microscopy (TEM) (JEOL-2000 FX, JEOL Ltd, 
Japan). X-ray diffraction analysis of these sample alloys showed that the diffraction 
peaks of aluminium almost disappeared after 6 hour milling. Figure 7.3.3 (a) is a typical 
morphology obtained and the corresponding diffraction pattern is shown in Figure 7.3.3 
(b). Although diffraction peaks of aluminium do not appear in X-ray diffraction, the 
diffraction intensity of aluminium is strong in electron diffraction pattern. The 
morphology given in Figure 7.3.3 (a) proves that lead and aluminium were blend well 
but not homogeneous. From this result the disappearance of aluminium peaks in X-ray 
diffraction can be attributed to the absorption of incident and outgoing X-ray by lead
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surrounding aluminium. This TEM observation shows that the micro structure feature of 
the Pb-4A1 alloy produced by the MA process.
Figure 7.3.1 Microstructure of Pb-4A1 (MA)
Figure 7.3.2 Pb-Sn-Al alloy (cast)
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(a)
(b)
Figure 7.3.3 (a) Morphology of Pb-4A1 alloy milled for 10 hrs by TEM, the dark grains 
are Pb and the rest is Al, (b) Electron diffraction pattern corresponding to (a).
203
Chapter 7 A Novel Lead-Aluminium Alloy
7.4 Potentiodynamic Anodic Polarization Plots
Potentiodynamic anodic polarisation plots of Pb, Pb-4A1 (MA) and Pb-3.2Al-2.4Sn 
(cast) at 20 °C in 0.5 M H2SO4 solution are presented in Figure 7.4.1.
Region A  in Figure 7.4.1 is the active region in which Pb electrode corrodes as the 
applied potential is made more positive, corresponding to the reaction: Pb —> PbSC>4. At 
B  further increase in the current density ceases with the onset of passivation. In region 
C the current decreases rapidly as the passive film forms on the Pb electrode. A small 
secondary peak is observed after region C, where there is a change in current density as 
the potential is increased. With a further increase in the applied potential, the passive 
film begins to break down in region E, the transpassive region, corresponding to the 
reaction: PbSCU —» PbC>2 and O2 evolution. The passive layers on Pb and Pb alloy 
electrodes are composed of a two-layer structure i.e. Pb/PbOx/PbSC>4. The stability of 
the passive layer, as evaluated by the passive current density, varies with different 
sample electrodes, indicating a difference in the two-layer structure of these passive 
layers. The highest passive current value is observed with the Pb-4A1 alloy electrode, 
which indicates the instability of the passive layers. The anodic polarisation plot of the 
MA alloy electrode, however, shows a distinctly different passive form compared with 
that of Pb and Pb-Al-Sn alloy (cast). It is believed that the comparatively high 
passivation current density is due to the weaker corrosion resistance of aluminium in 
acid solution. With further increase in the applied potential and/or passivation time, the 
passivation current density decreases. This abnormal decline in passivation current 
density can be attributed to the formation of a stable aluminium passive film. 
Aluminium is expected to be attacked in sulphuric solution, however, if such an
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aluminium containing passive film on the MA alloy is stable in the sulphuric acid 
solution, further protection against anodic corrosion would be expected. This is 
particularly important because the anodic corrosion property is critical for alloys used as 
positive electrodes.
Figure 7.4.1 Anodic polarisation plots, sweep rate 0.2 mV s*1 in 0.5 M H2SO4
7.5 C yclic V oltam m etric (CV) M easurem ents
“stabilised electrodes” were obtained by scanning the electrode potential up to + 2 0 0 0  
mV at the first cycle, and then the electrode was cycled between limits +500 mV and +
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1600 mV in a 10 mV/s scanning rate in 1.28 sp.gr. H2SO4 solution. As described 
previously, electrodes were considered to have reached a constant response when 
changes in the peak current density values, jp, during successive cycling operations 
became negligible. The stability of the electrode can be examined by the maximum 
peak current density values, jprnax, of the constant response curves (i.e. jpmax represents 
the anodic corrodibility).
The rate of attainment of constant response was studied by following changes in peak 
current values. The increase in peak current density j p, for the PbC>2 formation peak 
versus cycle number is plotted in Figure 7.5.1. It should be pointed out that the Pb 
electrode which has already shown a “constant response” ( i.e. changes in jp for 
successive cycles <0.1 fiA ) will continue to exhibit further increases in peak current 
with further cycling. As shown in the Pb electrode plot in Figure 7.5.1, however, the 
rate of increase in j p for the Pb-4A1 and Pb-3.2Al-2.4Sn electrodes is quite different to 
that of the Pb electrode. After reaching the maximum peak current value at approximate 
50 cycles begins to decline with further cycling in the case of the Pb-4A1 electrode. A 
higher peak current value indicates a weaker kinetic barrier to the oxidation of PbSC>4 
and therefore the electrode is more susceptible to anodic attack. The abnormal decline 
in the peak current value after 50 cycles, however, suggests the corrosion/passivation 
property of the Pb-4A1 alloy (MA) is very different with that of Pb or normal Pb-Ca 
alloys. The Pb-3.2Al-2.4Sn cast alloy plot, on the other hand, shows a continuous 
increase in the peak current value during cycling the electrode. This indicates that the 
addition of tin could accelerate the anodic attack, and this is in agreement with the 
results reported by Prengaman[55] and Culpin et al.[207].
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Figure 7.5.1 Data from CV plots, jp vs cycle number.
7.6 Im pedan ce M easurem ents
Impedance measurements were carried out in 0.5 M H2SO4 solution at 20 °C in the 
frequency range 10 mHz to 100 kHz at open-circuit potential and at + 1300 mV 
respectively. At the open-circuit potential measurement, the open-circuit electrode 
potential, (Ecorr), was recorded after 55 min. immersion. A DC potential corresponding 
to the ECorr was then used in the impedance measurements which started 1 hour after the 
test electrode immersion. The results are presented in the form of Nyquist and Bode 
plots in Figure 7.6.1 (a) and (b).
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The equivalent circuit presented in Figure 4.5.6 of Chapter 4 and similar explanation can 
be used to these plots in Figure 7.6.1.
From Figure 7.6.1 (a) it can be seen that the Pb-Sn-Al alloy electrode presents the 
highest frequency capacity loop. The depressed semicircle observed, often referred to as 
frequency dispersion, has been attributed to inhomogenity of the electrode surface[207]. 
The high frequency capacity loop correlates with the dielectric properties of the oxide 
film or the double layer capacity. The addition of aluminium increases the capacity and 
this can be attributed to the effect of aluminium on the passivation behaviour, i.e. the 
incorporation of aluminium in the lead, either by MA method or by casting, increases the 
dielectric properties of the passive film under open-circuit potential condition in 0.5 M 
H2S04 solution.
In the Bode plots of Figure 7.6.1 (b) the high frequency limit corresponds to the 
electrolyte resistance Rl , the low frequency limit represents the sum of RL and RP . 
While RP is in the first approximation determined by both the electronic conductivity of 
the oxide passive film and the polarisation resistance of the dissolution and the 
repassivation processes. Bode plots in Figure 7.6.1 (b) show a higher RP value for the 
Pb-Sn-Al (casting) alloy electrode and similar values for the Pb and Pb-4A1 alloy 
electrodes.
From the point of view of the increase in the anti-corrosion property of the alloy, the 
increase in the polarisation resistance of the oxide passive film could be beneficial. 
However, if the increase in the passive film made the charge-discharge of a battery more 
difficult, this property may be detrimental.
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Figure 7.6.1 (a) Nyquist (b) Bode plots at open-circuit potential.
209
Ph
as
e 
(de
g)
Chapter 7 A Novel Lead-Aluminium Alloy
At the anodic potential of + 1300 mV, the passive film begins to break down and the 
Pb02 layer appears. The working electrode was held at this conditioning potential for 2 
hours before staring the measurement. Nyquist and Bode plots from these are presented 
in Figure 7.6.2 (a) and (b), respectively. The polarisation resistance of the Pb-4A1 
electrode is reduced remarkably in comparison with the other two electrodes under this 
condition. This indicates that the Pb-4A1 alloy could be exposed to intensified anodic 
attack which suggests that the oxidation of PbS04 to Pb02 could be much easier on the 
Pb-4A1 alloy electrode than on Pb or the Pb-Sn-Al alloy electrode. This is in agreement 
with the result from the anodic polarisation experiments (i.e. a weaker kinetic barrier to 
the oxidation of PbSCU observed during the cycling of the Pb-4A1 electrode)
As discussed above, however, the situation is different for the Pb-4A1 electrode at the 
open-circuit potential condition. Such a higher conductivity oxide film may prove 
beneficial effect on the battery charge-discharge properties. Bode phase diagram of 
Figure 7.6.2 (b) shows a similar behaviour of these three electrodes with a single phase 
constant under this condition and indicates similar surface layer structure of these three 
electrodes under this condition.
From the above study, it can be seen that the Pb-4A1 alloy is a more complicated system, 
i.e. it (the oxide passive layer) could be more stable than Pb electrode at open-circuit 
potential condition and could be different at a high anodic potential or under a deep 
cycling condition. To further explore this property of the Pb-4A1 alloy, SEM was 
performed on the Pb-4A1 alloy electrode under a deep cycling condition which is present 
in the following section.
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Figure 7.6.2 (a) Nyquist and (b) Bode plots at +1300 mV in 0.5 M H2SO4.
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7.7 Morphology Examination by Scanning Electron Microscopy (SEM)
Figure 7.7.1 shows the surface morphology of Pb-4A1 alloy under open-circuit potential 
for 8 hours. The surface morphology of Pb-4A1 (MA) alloy is different to that of a 
normal Pb-Ca-Sn-Al alloy (see Fugure 5.3.1 in Chapter5), no large PbS04 crystals are 
formed on the surface. After cycling the electrode between +500 mV and + 1600 mV in 
1.28 sp.gr. H2SO4 for about 16 hours, the surface morphology of Pb-4A1 electrodes was 
examined by SEM as shown in Figure 7.7.2 (a) and (b). A flake structure on the surface 
of Pb-4A1 electrode was observed. This is also different to that of Pb or Pb-Ca-Sn-Al 
electrodes observed under a similar situation as presented in previous Chapters. The 
surface morphology of Pb-4A1 under opm-circuit potential shows a different oxide 
passive layer formed on the surface of the alloy compared to that of normal Pb-Ca-Sn-Al 
cast alloys. The flake structure of the oxide layer on the Pb-4A1 electrode under the 
cycling condition may be because the introduction of aluminium in lead and/or the rolling 
process applied as the alloy strip formation, and/or because stresses in the anodic film 
formed on the lead-aluminium alloy lead to progressive detachment of the layer with 
each cycle. This flake structure of electrode surface is believed to be undesirable from 
the anti-corrosion property because it could make the SCV2 or HSO4' ions penetrate into 
the oxide layer more easily, leading to intensified anodic attack on the inner substrate. It 
is also explained why a sharp decline in the polarisation resistance of the Pb-4A1 alloy 
electrode under the deep cycling condition was measured by EIS.
The properties of Pb-4A1 alloy are believed to be dependent on: the amount of aluminium 
introduced into Pb; the MA process, thermal treatment and the rolling process.
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Figure 7.1 Surface morphology of Pb-4A1 alloy under open potential 
for 8 hours in 1.28 sp.gr. H2S04.
(a)
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(b)
Figure 7.7.2 (a) and (b) Surface morphology of Pb-4A1 alloy electrode after cycling 
between + 500 and + 1600 mV in 1.28 sp.gr. H2S04 for 16 hours.
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7.8 Conclusion
Alloying lead with aluminium, due to aluminium’s light weight, high conductivity and 
superior mechanical property, produces battery alloys which have higher electrical 
conductivity, reduced weight and increased creep resistance when compared with 
conventional lead alloys. Therefore, a stronger grid material for lead/acid batteries with 
higher power capacity is expected. The MA technique used in the production of alloy 
offers the prospect of a new range of lead alloys for lead acid batteries.
The Pb-4A1 alloy shows different passive behaviour compared with that of lead and Pb- 
Sn-Al alloys. Impedance measurements indicate that an intensified attack could take 
place in the Pb-4A1 alloy but the passive film formation mechanism and the corrosion 
behaviour of the Pb-4A1 alloy are not clear as yet.
A flake structure observed by SEM proves a more porous layer on the Pb-4A1 electrode 
surface rather than the dense layer normally found on a conventional Pb or Pb-Ca-Sn-Al 
alloy electrode. The porous structure (flake structure) of Pb-4A1 alloy can be attributed 
to the introduction of aluminium and the rolling process used in the strip rolling. It is 
also possibly due to stresses produced with each cycle. The base metal would suffer 
intensified anodic attack due to the porous surface layer.
It also has been found that all these properties of the Pb-4A1 alloy depend strongly upon 
the conditions employed in the MA process and further thermal treatment processes. 
Further studies on the optimisation of MA process for obtaining maximum benefits of 
the Pb-4A1 alloy are still needed. On the other hand, the ternary Pb-Sn-Al alloy (cast) is 
also worthy of further investigation.
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Lead alloys with super high aluminium content present a more complicated situation than 
that of conventional battery alloy. Optimisation of the passivation and conductivity 
properties of the oxide layer on Pb-4A1 alloy will be critical for its further application.
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Chapter 8 General Conclusions and
Proposal for Future Studies
8.1 Review of this study
Based on the aims of this study, major research efforts have been performed on the
following four subjects:
(1) Investigation on the effects of bismuth on the properties of the lead-calcium-tin- 
aluminium grid alloys;
(2) Investigation on the effects of silver on the properties of the lead-calcium-tin- 
aluminium grid alloys;
These investigations include the following aspects:
(i) Mechanical properties and metallurgical structure were measured to evaluate the 
effects of these alloying additives on the properties of the alloys;
(ii) Different electrode systems were obtained under different potential regions and the 
electrochemical properties of these electrode systems were studied via 
potentiodynamic polarisation and cyclic voltammetric measurements.
(iii) Normal and accelerated corrosion tests were carried out at room temperature and at 
+ 60 °C, respectively. The corrosion tests is closely simulated to the condition of
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VRLA battery under float-charge and the accelerated test method is generally used in 
the prediction of VRLA battery’s service life under float-charge condition.
(iv) HIS was employed to study the conductivity of the surface oxide layer(s) and the 
layer structure of the electrodes;
(v) SEM was performed to show the morphology of the electrode surface under 
different test conditions and to explore the possible mechanism of the modification/ 
formation of the surface layer structure.
(vi) Hydrogen and oxygen evolution reactions were investigated by potentiostatic and 
potentiodynamic methods. Kinetic parameters of hydrogen evolution were 
determined by Tafel relation. Oxygen evolution rate was calculated by a gas 
collection method according to Faraday’s law.
(3) Sample batteries were fabricated and cycle life tests were performed under an 
industrial standard. Cells and grids in the sample batteries after testing were 
examined and the cause(s) for the failure was analysed.
(4) A novel Pb-Al alloy was designed and synthesised by a mechanical alloying method. 
Studies were performed on the mechanical and the electrochemical properties of the 
new Pb-Al binary alloy and a Pb-Sn-Al ternary alloy, in comparing with that of the 
pure lead.
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8.2 General Conclusions
The study results of the above four subjects have been presented from Chapter 4 to
Chapter 7 correspondingly. General conclusions can be drawn from these results and are
listed below:
(1) Alloying bismuth with Pb-Ca-Sn-Al alloys shows some favourable and some 
detrimental effects.
The favourable effects can be summarised as following:
(i) The increases in hardness and tensile strength, modifications in grain size and grain 
shape and improvement in grid cast suitability;
(ii) The increases in conductivity of the oxide passive film on the electrode surface, this 
could suppress the “passivation phenomena” observed in VRLA batteries and 
improve the battery charge-discharge performance;
(iii) It is not absolute necessary to use very high purity lead (99.99 wt.%) for the grid 
alloy or for the active mass, purifies of lead in the region of 99.93 wt.% ~ 99.7 wt. % 
also could be used without introducing distinguishable distortion on battery 
properties.
The detrimental effects can be summarised as following:
(i) Variation in the kinetic barrier to the oxidation of the surface PbS04 layer, 
modification of the metallurgical microstructure of the alloys. The increase in the 
porosity of the oxide layer on the electrode surface results in the decrease in corrosion 
resistance;
(ii) The enhancement in the hydrogen and oxygen evolution reactions and the decrease in 
the hydrogen and oxygen overpotentials.
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(2) Alloying silver with Pb-Ca-Sn-Al alloys shows some favourable and detrimental 
effects.
The favourable effects are:
(i) The improvement in mechanical properties;
(ii) The increase in the corrosion resistance;
(iii) The increase in hydrogen overpotential.
The unfavourable effects are:
(i) The decrease in oxygen overpotential ( it could be beneficial to the gas recombination 
in VRLA batteries);
(ii) The increase in the cost of the alloys.
(3) Analysis of the causes for the failure of sample batteries proves that:
(i) The positive grid corrosion and growth are the main causes for the battery failure;
(ii) Excess calcium in the grids is responsible for the severe positive grid growth and 
corrosion;
(iii) The addition of sodium accelerates the positive grid growth and corrosion;
(iv) A level of aluminium of 0.015 wt.% in the molten lead is sufficient for preventing 
calcium loss;
(v) A fine grain size could improve the mechanical properties but positive grids with fine 
grain structure are prone to an intensified growth;
(vi) Precise control on the alloying element contents and casting conditions during the 
grid manufacturing process is also critical.
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(4) Lead alloy with super high aluminium can be obtained by either a mechanical alloying 
method or via a ternary alloy. This alloy presents light weight, high conductivity 
and superior mechanical properties. The MA technique provides the potential for a 
new range of lead alloys for lead/acid batteries.
8.3 Proposal for future studies
In the literature review of this study, the theoretical energy density of lead/acid system is 
calculated to be 163 Wh kg'1, including the non-capacity contributing component parts, i.e. 
grids, connectors, terminals, H2O in electrolyte, separators and case. As shown by the flow 
chart on page 50, in practice, the specific energy density falls down to 25 - 35 Whkg'1 and the 
possible ways for the improvements of specific energy has been recommend to be: (i) 
recombination battery; (ii) increase active mass utilisation; (iii) reduce grid and top lead 
weight.
At present, the major drawbacks of the lead/acid system are its relatively low energy density 
and short cycle life under 100% depth of discharge. The charge-discharge reactions of lead 
acid battery require H2S04 acid. Consequently, the ease of acid diffusion into the interior of 
the positive and negative plates plays an important role in the maximisation of the energy 
output of the battery. To promote the diffusion of sulfuric acid, the thinnest plates with the 
most porous structure should be used. In practice, the active material utilisation is inversely 
proportional to the thickness of the plates. Furthermore, the reduction of plate thickness, in 
turn, decreases the weight of the grids and the internal connectors that is usually 1/4 to 1/3 of
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the overall weight of the battery. With thin-plate configuration, however, the corrosion of the 
positive grids is enhanced and led to decrease the battery life, hence, high energy density and 
long service life have been incompatible objectives in the current technology of lead/acid 
batteries. Extensive development efforts have been focused on critical areas such as 
manufacturing consistency, superior anti-corrosion grid alloys, novel separators and new 
designs such as a bipolar system.
Specifically, the proposed project will focus on three key areas:
(i) new electric conducting sheet materials (new alloys/conducting ceramics);
(ii) new processing technique using glass/plastics-fibre net to support positive and negative 
paste material;
(in) the fabrication technique for bipolar electrodes.
The manufacture of lead/acid batteries with bipolar-electrode configuration is illustrates 
schematically in Figure 8.1.
The process involves:
(1) the fabrication of Pb-Al foil;
(2) development of lead-coated glass-or plastic-fibre net to support the positive and negative 
plates and finally;
(3) construction/assembly of bipolar-electrode battery.
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